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Abstract
WhiletheIEEE802.11protocolhasfosteredubiquitousconnectivityforwirelessusers,
itwasnotoriginalydesignedtoecientlyhandlevoiceorvideotrac,whichnowadays
accountsformostoftheInternettra c. Voicetrachandlingisextremelyinecient
inexisting WLANsduetothelargeoverheadoftheprotocolandthetimespentincon-
tention.Videomulticaststreamingisbothineectiveandinecient,asitstransmissions
lackreliabilityandusealowModulationandCodingScheme(MCS).Themorerobust,
butslower,transmissionratesresultinthewel-knownperformanceanomalyproblem
thatdegradesnetworkperformance.Inthisthesisweanalyze,designandimplement
solutionstoimprovethenetworkperformanceandeciencywhenvoiceandvideotrac
arepresent.
We rstdesignandexperimentalyvalidateasimpleyetveryeectivescheme(VoIP-
iggy)toimprovetheeciencyof WLANswithvoicetrac. ThekeyideaofVoIPiggy
istopiggybackvoiceframesonto MAClayeracknowledgments,herebyreducingboth
theframeoverheadandthenumberoftimestoaccessthemedium,i.e.,thetimespent
incontentionasstationsaggregatetwoframesintoasingletransmission. Toquantify
thegainsofourproposal,weperformananalysisintermsofcapacityanddelay. Our
experimentalandanalyticalresultsshowadramaticperformanceimprovement,doubling
thenumberofvoiceconversationsthatcanbealocatedin WLANs.
Second,weexploreasetofmechanismsincludedinthe802.11aastandard(namely,
Direct MulticastSequence,GroupcastwithRetriesUnsolicitedRetriesandBlockAc-
knowledgment),whichalowe cientandrobustmulticasttransmissionin WLANs.To
thataim,we rstperformextensivesimulationstounderstandthetrade-osresulting
fromusingtheproposedmechanisms. Ourresultsquantifythesetrade-osintermsof
robustness,resourceconsumptionandcomplexity,andprovideasetofrecommended
guidelinesfortheiruseaccordingtothenetworkscenario.
Finaly,wedevelopthe rstopensourceimplementationofthesemechanismsover
commodityhardware. Weassesstheirperformanceunderavarietyofreal-lifescenarios,
andoutlinetheireectivenessandeciencywhendeliveringvideotrac.Ourresultspro-
videkeyinsightsonwhichmechanismresultsmoreappropriateforagivenscenario,this
beingspeciedintermsofnumberofstations,backgroundtracandvideobandwidth.
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Introduction
WirelesscommunicationshaveintheIEEE802.11standardfor WLAN[1]itsgreat-
estrepresentative,whichhasbecomeoneofthemostcommontechnologiestoprovide
ubiquitousInternetaccess.Thenotorietyofthistechnologyisendorsedbythecontinu-
ousdevelopmentofsolutionsthatenhancethe802.11networkperformanceandalowto
oeranoptimalservicetoalargernumberofusersinamoreecientway.Thisthesis
addressestheproblematicofservingreal-timemultimediatra c,whichrepresentsahuge
portionofthetotalInternettra c,in802.11 WLANs.
Inthischapterweexposethemainmotivationsandreasonsbehindthisthesis.Next,
wepresentthemaincontributionsofourworkandthestructureofthethesis.Finaly,
weincludealthepublicationswhichsupportthiswork.
1.1 Motivation
Afundamentalreasonbehindthesuccessof802.11,namely WiFi,isitsinexpensive
costasitiseasytodeployandoperatesinunlicensedfrequencybands. Proofofthis
successisthenumberofdeviceswithWiFicapabilitiesforeseentoreachupto1.9Bilions
by2019,exceedingsignicantlythenumberofcelulardevices(542Milions)[2].Along
withitspervasivedeployment,therepresentativegrowthinmobilecelulardatatra c
hasbeenmitigatedbyo oadingmorethanhalfofthetra cfrommobiledevicestothe
xednetworkbymeansof WiFiorfemtocelaccess[2].Thistrendisforeseentocontinue
inspiteoftheevolutionofmobilenetworks. Without WiFiooading,thegrowthofthe
tracdemandincelularnetworkswouldhavebecomeunsustainableas[2]indicatesthat
mobiledatatra cwouldhavegrown84%ratherthan69%in2014. Voiceandvideo
streamingtracrepresentasignicantportionoftheoveralInternettrac.Inthecase
ofvoiceover WiFi,itsminutesofusewilaccountformorethanhalfofal mobileIP
voicetra c[2].Globaly,IPvideowilrepresent80%ofalthetracby2019according
totheforecastin[3].
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802.11isbeingcommoditizedforvoicecommunications,alsoknownasVoiceover
IP(VoIP),withtheproliferationofportabledevicesrunningvoiceapplications,suchas
SkypeorGoogleHangouts.ThecreationofacerticationprogramdevotedtoVoIPtrac
over WiFinetworks1conrmsitsimportanceandtheneedforincreasingperformancein
voicetransmission.Togetherwiththewidespreaddeploymentofhigh-rateaccesspoints
(APs),withmodulationschemesreachingupto7Gb/sasdenedbythenewamend-
ments802.11ac[4]and802.11ad[5],arealsoenablingtheintroductionofFul HDvideo
applicationswithrelativelylargebandwidthdemands,likeYouTube,Skypevideoconfer-
encingorVideoLANvideo-streaming. Anotherproofoftheproliferationofmultimedia
tracisthatthe WiFiAlianceincludedinitscerticationprogramsa WiFiMultime-
dia(WMM)certicate,backin2004.ThisprogramintroducesQualityofService(QoS)
conceptsandprioritizationoftracclassesin WiFi,dierentiatingamongvoice,video,
best-eort,andbackgrounddata.Lately,admissioncontrolmechanismswereintroduced
toenhancethebandwidthmanagementandtheprioritizationdenedin WMM.2Conse-
quently,IEEE802.11networkshavetodealwithanimportantamountofvoiceandvideo
trac,therebythisthesiswilfocusonimprovingtheperformanceforthesetwo
types(voiceandvideo multicast)oftra cin802.11networks.Specicaly,as
theoriginaldenitionofthestandardwasnotdesignedforthespecialcharacteristicsof
thisparticulartrac,weaddressseveralinecienciesandprovidesolutionstoimprove
performance,includingexperimentalevaluationsincommodityhardware.
Voicetra cistransmittedinsmalframes(60-160bytes),makingoperationofthe
legacyIEEE802.11DCFextremelyinecientasthepayloadsizeiscomparabletothe
packetheadersize.Inaddition,thevoicequalityishighlyvulnerabletothepresenceof
datacross-tra c.Theoverheadineciencyisnotaleviatedbyintroducinghigherdata
rates,sincethesedonotchangetheprotocoloverheadandhencedonotsignicantly
reducethefractionoftimewastedduetothe802.11backo mechanism. Voicequality
vulnerabilitycanbereducedbymeansofprioritization,whichisintroducedbytheEDCA
mechanismpresentedinthe802.11estandard[6]. However,thisstilincurssubstantial
overheadanddoesnotsolvetheproblemofvulnerabilitytolegacytra c[7].Asaresult,
theperformanceofdatatrachastobereducedtosustainenoughqualityforvoice
trac.
Motivatedbythelowe ciencyofthestandardoperationwithvoicetrac,inthis
dissertationweproposeasimpleyeteectivemechanism,namelyVoIPiggy,toreducethe
overheadoftheMediumAccessControl(MAC)operation,whichalsoreducesthetime
thatastationspendscontendingforthewirelessmedium. Thismechanismpiggybacks
voiceframesontoMACAcknowledgment(ACK)sreducingboththeMACoverheadand
1https://www.wi-fi.org/file/wi-fi-certified-voice-enterprise-delivering-wi-fi-voice-
to-the-enterprise-2012
2 WiFi Multimedia (WMM) certi cate: https://www.wi-fi.org/discover-wi-fi/wi-fi-
certified-wmm-programs
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theaveragenumberofstationscontendingforchannelaccess,whichimprovesoveral
systemperformance.Asaresult,VoIPiggyincreasesthenumberofvoiceanddataows
thatcanbeserved,andimprovesthedelayperformanceofvoicetrac.
Forthecaseofvideomulticaststreaming,theoriginal802.11standardwaspoorly
suitedforecientsupportofmultimediaows,andinparticularvideostreams,forseveral
reasons:(i)theoriginalysupportedphysicaltransmissionrates(1and2Mb/s)imposed
aseverebottleneckonthemaximumachievablerate,regardlessofthee ciencyofthe
MACprotocol;(ii)onlybest-eortservicewassupported,thuspreventinganysortof
tracdierentiationthatcouldimprovetheperformanceof multimediaapplications,
whichascomparedtodatatra ccanrelaxtheirreliabilityrequirementsbelow100%
toimproveperformance;(iii)multicasttransmissionswereveryinecientandunreliable
(aswidelyreportedinvariousworks,seee.g.[8]),whicheventualypreventeditsuse
on WLANs,asthereisnopropersupportforsimultaneousvideostreamingtovarious
receivers.Thesubsequentamendmentstothe802.11standardhavelessenedthersttwo
limitations.Neweramendmentsprovidealargeincreaseintermsofachievablebandwidth,
however,thenewdemandsduetothearrivalofhighdenitionvideoimposeaburden
onthecurrent MACscheme,inparticularforthedeliveryof multicasttra c. The
802.11eamendment[6]introducedtra cdierentiationviathesettingofthecontention
parameters,thusenablingboththeabilitytoprioritizeonetypeoftra coverotheranda
moree cientoperationofWLANsbyproperlytuningtheMACparameters[9].Although
supportforunicasttrachasvastlybeenimprovedby meansoftheaforementioned
MAC/PHYamendments,supportofmulticasttra cover802.11 WLANsstilremains
highlyine cient. Therefore,theremainingchalengeistoecientlysupportmulticast
over802.11 WLANs.
TheIEEE802.11aa[10]hasrecentlyaddressedthislastlimitation,withthedenition
ofvariousmechanismstosupportRobuststreamingofAudioVideoTransportStreams.
Itsfocusistoextendthe802.11standard[1]withmechanismstailoredtoimproveperfor-
manceofmultimediastreamingover WLAN.Inparticular,thenewmechanismstarget
atsignicantlyimprovingboththeeectivenessintermsofreliabilityandtheeciency
ofthedeliveryofmulticasttra c.
Inthisthesis,wepresentathoroughsimulation-basedevaluationofthegroupcast
mechanismsde nedinthe802.11aastandard,namedGATS,inordertoassesstheir
performanceinascenariowithrealvideostreams. Wequantifyboththereliabilitythat
eachoftheconsideredmechanismsprovidestoavideomulticaststream,fordierent
numbersofreceiversandradiochannelconditions,aswelasthee ciencyintermsofthe
overheadintroducedbyeachmechanism.Inaddition,wedevelopthe rstexperimental
assessmentofGATS,byimplementingthenewmechanismsovercommodity802.11cards
andgivingguidelinesontheoptimalcongurationoftheGATSparametersforawide
setofscenarios.
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1.2 Summaryofthesiscontributions
Thecontributionsofthisthesisaresummarizedasfolows.First,weproposeanovel
mechanism,VoIPiggy[11,12],whichdramaticalyimprovestheoveralperformanceof
WLANswhenvoicetra cispresent.Itbasicalyconsistsonpiggybackingvoiceframes
ontolayer2ACKsintheuplinkdirection.ByembeddingvoiceframesintoMACACKs,
thisapproachreducestheMACoverheadgiventhesmalsizeofvoiceframesandthenum-
berofstationscontendingforchannelaccess.Asaresult,VoIPiggybooststhenumberof
concurrentvoicecalsanddatastationspresentinthenetwork.Ourschemeiscompatible
withtheIEEE802.11standardasitrequiresonlyminorchangesattheAPanditcan
servelegacyandVoIPiggystationssimultaneously. Weconductatheoreticalanalysisof
thethroughput,thecapacity(i.e.,thenumberofvoiceanddata owsthatcanbesup-
ported)andthedelayperformanceofVoIPiggyoperatingina WLAN. Weimplement
VoIPiggyinCommercialO -The-Shelf(COTS)devicesandvalidateitsoperationagainst
thelegacy802.11operation.Theimplementationofourschemeintroducesmodications
atthedriverand rmwarelevels. Weprovideanextensiveperformanceevaluationin
atestbedof30nodes.Theseexperimentsconrmtheaccuracyoftheanalyticalmodel
andthatVoIPiggyachievesdramaticperformanceimprovements,practicalydoublingthe
capacityofthe WLAN.
Second,wepresentathoroughsimulation-basedevaluationofthegroupcastmech-
anismsdenedinthecurrentversionofthe802.11aastandard[13],inordertoassess
theirperformanceinascenariowithrealvideomulticaststreams. Wequantifyboththe
reliabilitythateachoftheconsideredmechanismsprovidestoavideomulticaststream,
fordierentnumbersofreceiversandradiochannelconditions,aswelastheeciency
intermsoftheoverheadintroducedbyeachmechanismwithrespecttotheschemethat
consumestheleastamountofresources.
Finaly,weimplementtheGATSmechanismsoverCOTShardware,reportingthe
complexityandnewfunctionalityrequiredtoimplementeachmechanism.Toenablere-
searchersexperimentationwiththenewschemes,thesourcecodeofourimplementation
ispubliclyavailableathttp://www.ing.unibs.it/openfwwf/GATS.php. Wedeploya
test-bedwith30GATS-enablednodes,validatingtheimplementationthroughextensive
measurementsthatcon rmtheeciencyoftheprototype. Weconductextensiveex-
perimentsunderavarietyofconditionswithrealvideotra cinscenarioswithdierent
numbersofreceiversanddatastations,assessingthequalityofthevideoreceivedandthe
resourcesleftfordatatrac,andconrmingtheimpactofthecongurationparameters
ofsomeoftheschemes.
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1.3 Thesisoverview
Therestofthisthesisisstructuredasfolows.Chapter2summarizestheoperation
oftheIEEE802.11protocolandpresentstherelevantliteraturerelatedtothisthesis.In
Chapter3we rstintroducetheVoIPiggymechanism,andthenweanalyzeitsperfor-
mance. Wealsodescribetheimplementationoftheproposedschemeanditsfunctional
modules.Then,wederiveananalyticalmodelforthedelayandthroughputandexper-
imentalyvalidateitsperformanceinawidesetofnetworkconditions.InChapter4we
rstpresentanoverviewofthemechanisms(legacyandnovel)availableforthetrans-
missionofvideo owsusingIEEE802.11. Nextwedetailtheoperationofasetofthe
mechanismsintroducedby802.11aa,namelyGATS,whichconstitutesoneofthecorner-
stonesofthisthesis.Then,wepresentaperformanceassessmentandcomparisonofthe
dierentschemesintermsofreliability,overheadandcostperserviceunderavarietyof
scenarios,andforagivenqualitythreshold.InChapter5wedescribetheimplementation
ofGATSoverthe802.11open-sourceplatformthatweuseandreporttheexperimental
assessmentofGATS.Finaly,Chapter6concludesthisdissertationwiththe nalremarks
andfutureslinesofwork.
1.4 Publications
Theresearchperformedinthisdissertationresultedinfourconferencepapers,three
journalarticlesandonemagazinearticle. Wecolaboratedwithmanyresearcherswithin
thecourseofthisdissertation,especialyintheframeworkofEUFP7FLAVIA3project.
Thisthesiscoverscontributionsfromthefolowingliterature[11{17]:
·P.Serrano,P.Salvador,V. Mancuso,Y.Grunenberger,\Experimentingwith
Commodity802.11Hardware: OverviewandFutureDirections,"inIEEECom-
municationsSurveys&Tutorials,vol.17,no.2,pp.671-699,Secondquarter2015
(Chapter2).
·P.Salvador,S.Paris, C.Pisa,P.Patras, Y. Grunenberger, X.Perez-Costa,
J.Gozdecki,\AModular,FlexibleandVirtualizableFrameworkforIEEE802.11,"
inProc.ofFutureNetwork&MobileSummit(FutureNetw),Berlin,Germany,July
2012(Chapter2).
·P.Salvador,F.Gringoli,V.Mancuso,P.Serrano,A.Mannocci,A.Banchs,\VoIP-
iggy:Implementationandevaluationofamechanismtoboostvoicecapacityin
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Chapter2
BackgroundandRelated Work
Inthischapter, rstwedetailthebasicoperationofthe802.11protocolandgive
anoverviewoftheexisting802.11amendments.Next,weintroducethevideomulticast
streamingoperationwithin802.11.Finaly,wepresenttherelatedworkofthevoiceand
videotra cin802.11networks.
2.1 BasicOperationof802.11
Hereweintroducetheprotocolfolowedby802.11 MACandfocusontheissues
directlyrelatedtovoiceandvideotransmission.Theoperationof802.11hasnotradicaly
changedovertheyears,mainlytoensurebackwardscompatibility.1 Somemechanisms
havebeenproposedin802.11eand802.11aatohandlespecicalyvoiceandmulticast
videostreamingtra c,buttherearestilproblemstobetackled,whichweaddressin
thisthesis.Inthecaseofvoice,802.11eprioritizesthevoiceandvideotrac,butstil
leavessomeroomforimprovementintermsofmulticastreliabilityandcontroloverhead
forthevoicetrac.Inthecaseofmulticastvideostreaming,802.11aaproposessome
newmechanismstohandleit,althoughtheredoesnotexistanyimplementation.
2.1.1 Overviewofthe802.11 MACs
The802.11standarddenestwodierentchannelaccessmechanisms,acentralized
one,namelyPointCoordinatedFunction(PCF),andadistributedone,knowsasDCF.
Mostofthecurrents WLANsdevicesonlysupportDCF,mostwidelyused(andnow,
legacy),whichinvolvesaCSMA/CAaccessschemethatretransmitsMACProtocolData
Units(MPDUs)throughastop-and-waitmechanism. ThebasicoperationofDCFis
ilustratedinFigure2.1. Morespecicaly,whenan MPDUisreadyfortransmission,
thehardwaresetsaBacko Counter(BC)toauniformlydistributedvalue,limitedby
theContention Window(CW),toCW!1. Then,itwaitsforthechanneltobeidle
1Werefertheinterestedreaderto[19]foranexcelentoverviewofIEEE802.11amendments.
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2.1.2 MulticastVideoTransmissionwithlegacy802.11
ThechoiceofmulticastingorunicastingaudioandvideocontentoverIEEE802.11
networksdoesnotdependonlyonthenumberofreceivers,sincethemulticasttransmis-
sionintheIEEE802.11standardhassomespecicitiesthatweconsiderinthefolowing.
2.1.2.1 Multicastservice
IEEE802.11deneslayer-2multicastasthetransmissionofdataframeswithamul-
ticastaddressastheDestinationAddress. Thismulticastaddressaccountsforasetof
stations. ThebasicaccessprocedurecorrespondstotheDCFmechanism.Inaddition,
noACKistransmittedbyanyoftherecipientsoftheframe. Thelackof MAC-level
recoveryonmulticastframesentailsareducedreliabilityofthiskindoftrac,dueto
theincreasedprobabilityoflosingframesfrominterferenceorcolisions. Tothataim,
themulticastframesmustbetransmittedatoneoftheratesincludedintheBasicRate
Setastheseratesaremorerobustagainsterrors. ThissetisdenedattheAPand
includestheminimumsetofratesthatastationmustsupportinordertojointheBasic
ServiceSet(BSS). TheBasicRateSet(BRS)usualyincludesrateswithlowerorder
modulations,sothetransmissionofmulticastframesisperformedatareduceddatarate,
therebythetransmissionoccupiesthechannellongertimeandthisdecreasestheoveral
performanceoftheBSS.
2.1.2.2 Unicastservice
Thesecondchoicefortransmittingaudio/videoframesistheuseofunicasttra c.
Unlikemulticast,unicasttra ccanbetransmittedatanyrateanditisacknowledged
andretried,soitsreliabilityishigherthanstandardmulticasttra c.Thecounterpartis
theamountofbandwidthrequiredtotransmitvideotomultiplereceiversasthenumber
of owsgrowswiththenumberofstationsreceivingit,henceitisonlysuitedforlowbit
rateowsandareducednumberofreceivingstations.
2.1.2.3 Prioritization
Withtheintroductionof802.11e,multicasttra ccanbedierentiated,sothenetwork
canbeconguredtoprioritizethemultimedia owswhileaccessingthemediumcompared
withtherestoftra c. Althoughthisisanadvantage,oneoftheproblemswiththis
approachisthedenitionofonlyonequeueforvideotra c,ascurrentvideocodecs
generatevideo owsasasequenceofframesthatrelatetooneanother,withdierent
levelsofrelevanceatthedecodingstage,hencemultimediatracmaybenetfromintra-
traccategorydierentiation.
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2.1.3 802.11aaamendment: Robust Audioand VideoStreamingfor
802.11
Asexplainedintheprevioussection,theavailabilityofmechanismstoperformvideo
streamingover802.11 WLANsisratherlimited. TheIEEE802.11aaamendmenthas
beendesignedtospecicalyaddressmultimediatransmission,implementingasetofnew
functionalitiesoverthebasespecication.Inthissection,wedescribethemainnovelties
introducedby802.11aa[10].Theobjectiveoftheseextensionsistoecientlyimprovethe
reliabilityofaudioandvideostreaming,whilemaintainingandevenimprovingtheservice
asperceivedbytheotherstreams.Folowingthis,weconsiderthenextmechanisms:2(i)
InterworkingwithIEEE802.1AudioVideoBridging(AVB);(ii)StreamClassication
Service(SCS);and(iii)GATS. Nextwepresentthe rsttwofunctionalitiesofthe
802.11aaamendment,whilethethirdone,whichisthefocusofourwork,wilbedetailed
stand-aloneinSection4.2.
2.1.3.1 InterworkingwithIEEE802.1AVB
Withinthe802.11aastandardtheuseofIEEE802.1Qat[20],andspeci calythe
StreamReservationProtocol(SRP),isspeciedinordertoenableend-to-endreservation
ofresourcesacrossIEEE802networks. Multimedia owsaretheclearexampleoftra c
thatmaytakebenetofend-to-endresourcereservationandassuchitisenvisionedto
supportandintegratetheSRP.
ItisimportanttonotethattheStreamReservationProtocolisaHigherLayerPro-
tocol.Assuch,theIEEE802.11systemofanon-APstationisnotabletointerpretthe
SRPmessagesanditsintegrationconsistsonthestationsendingtherequeststotheAP.
Inordertosupportend-to-endreservationsonthewirelesslink,theAPhasco-locateda
higherlayerentitycaledDesignatedMSRP3Node(DMN)thatisinchargeofprocessing
thesignalingrequiredbySRPandinvokingtherequired802.11reservationprimitives.
2.1.3.2 StreamClassicationService
ThisserviceisbuiltupontheEDCAaccessmechanism,whichisbasedondi erent
AccessCategory(AC)s,andsupportstra cdierentiationbymeansofprioritiesbetween
queuesandheterogeneouscongurationofthecontentionparameters(namely,Arbitrary
InterFrameSpace(AIFS),CWandTXOP).TheSCS,alongwiththeintra-ACTrac
Streamprioritization,enablesclassicationusinglayer2and/orlayer3signalingand
increasesthegranularityoftheservicedierentiationalreadyprovidedbytheEDCA
mechanism.
2TheIEEE802.11aaamendmentalsospeci esmechanismstomanageOverlappingBSS(OBSS)s,but
forthepurposeofthisworkweonlyconsiderthecaseofasingle WLAN.
3MultipleStreamReservationProtocol(MSRP)
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numberofVoIPcalsthatcanbesupportedinaWLANwithdierent802.11versionsand
dierentaudiocodecs.Thedegradationofvoiceperformanceinpresenceoflow-priority
datatra chasbeenanalyticalytackledin[7].Inthatwork,theauthorsproposean
ACKskippingpolicythatoptimizestheperformanceofvoiceframes.Otherpapersalso
discusstheimportanceoftheMACparametersettingsonthevoiceperformance,e.g.,[23]
and[24].Theschemeweproposeachievesamuchhigherperformanceimprovementthan
anyproposalintheabovepapers.
Theliteraturealsoprovidessimulationresultsandexperimentalstudiesbasedon
COTSdevicestomeasurethecapacityof WLANswhenvoicetra cispresent.Forin-
stance,theauthorsof[23]showthatappropriateMACtuningcanimprovecapacityby
20%to40%. Experimentsreportedin[25]conrmthatcommercialdevicesneednon-
trivialprioritizationmechanismsinordertoguaranteethequalityofvoice.Experiments
in[22]showhowvoiceconversationsimpairdramaticalytheperformanceofUserData-
gramProtocol(UDP)datatra csincetheyreducetheavailablebandwidth. Althe
abovepapersrelyonthedefaultMACprotocoloperation;incontrast,inthisthesiswe
implementanewmechanismatthedriverandrmwarelevel.
Inthisthesisweevaluateanewmechanism,namelyVoIPiggy,designedtoadaptthe
DCFprotocoltothespeci csofvoicetraccharacteristics. TheVoIPiggymechanism
canberelatedtothereversedirection(RD)mechanismof802.11n[26],inwhichanAP
RDinitiatorholdingaTXOP,grantschannelaccesstoastationRDresponderduringthe
TXOP.TheRDmechanismhasbeenevaluatedusingsimulations,forthecaseofvoice
anddatatra cin[27],andforthecaseofonlinegamingapplicationsin[28].Incontrast
totheseworks,inthisthesisweevaluatetheperformanceoftheproposedmechanism
basedonanalyticalandexperimentalresults.
Besides, VoIPiggypresentssimilaritieswiththeHCFControledChannelAccess
(HCCA) mechanism,inwhichtheAPpolsstationfordata. However,theuseof
HCCAhassomeshortcomings:(i)itintroducessignicantcomplexity,including,e.g.,
theschedulingconguration[29],(ii)itusesverysmaltransmissionratesforthedata
piggybackedontheContention-Free(CF)-Polframe,whichresultsinthe\CF-Polpig-
gybackproblem"identiedin[30],(iii)ifthedownlinkvoiceframesaresentinthe
Contention-FreePeriod(CFP),additionaldownlinkdelayisincurredwhilewaitingfor
thisperiod[31],and(iv)iftheyaresentintheContentionPeriod(CP),theACKforthe
uplinkframecannotbepiggybacked,whichleadstotheuseofthreeframesperexchange.
Incontrast,VoIPiggyachievesasubstantialymoreecientoperationusingaverysimple
scheme.4 ItisalsoworthwhilenotingthatHCCAhasnotbeenwidelydeployed,while
herewepresentaworkingimplementationofVoIPiggy.
In[32],authorspresentanovelframeworkfortherapidprototypingofnew MAC
4Forinstance,atypicalexchangeat48Mb/s(dataframes)and12Mb/s(controlframes)fora160-byte
voiceframelasts166µswithVoIPiggy,whilewithHCCAinCP,itresultsin227µs.
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schemesbasedonaprogrammabledevice,namely WirelessMACProcessor,whichpro-
videsasetof MACcommandsanda MACenginetodeneandexecutenew MAC
protocols.TheyshowtheuseofpiggybackingforTransportControlProtocol(TCP)ac-
knowledgmentsasanexample;theirapproachdierssubstantialyforours,isbasedona
dierentimplementationandisevaluatedinascenariowithonlytwostations.Otherfor-
merworkshaveproposedtheuseofpiggybackingtoimproveWLANperformance[33,34],
yettheirevaluationisperformedexclusivelyviasimulations.
Theproposalthat mostlyrelatestoourworkisSoftspeak[35],whichconsistsin
aggregatingvoiceframesattheAP,andaTimeDivisionMultipleAccess(TDMA)-like
operationforvoicestationsbasedoncoarse-grainedtimeslotsof1ms. Thesecoarse
slotsnotonlylimitthescalabilityoftheproposal,butalsorequiredealingwith,e.g.,
slotalocationandtimesynchronizationbetweennodes.Furthermore,theperformance
evaluationiscarriedoutinasmalscenarioconsistingof10nodes,andlacksanalytical
support.
2.2.2 MulticastVideoStreamingTra cin802.11 WLANs
Thevideostreamingtovariousreceiverssimultaneouslyoverwirelessnetworksisa
chalengingtaskaddressedbymultipleworksintheliterature. Mostoftherelatedwork
presentintheliteraturefocuseson ndingnew mechanismsorenhancementsforthe
multicasttransmissioninIEEE802.11 WLANs,motivatedbythelowtolerancetolosses
andthelackofretransmissionsofthelegacyscheme.Someoftheseworks[36,37]propose
theuseofForwardErrorCorrection(FEC)codes,ormulti-rateadaptationbasedonthe
feedbackobtainedfromthestations.
Asigni cantamountofworkbuildsontheLeaderBasedProtocol(LBP). With
LBP[8],onestationisselectedastheleaderofthemulticastgroup.Thisleaderwilsend
feedbacktotheAPwithapositiveACKonbehalfofthestationsinthegroup,although
theycansendnegativeACKs(NACK)tonotifythereceptionofincorrectframes. An
enhancementby[38]proposestheEnhancedLeaderBasedProtocol(ELBP),whichis
ahybridbetweentheBatch Mode Multicast MACprotocol(BMMM)[39]andLBP
protocols,similartotheGCRsolicitedmechanismspeciedin802.11aa,byusingthe
BlockAckmechanismfrom802.11e.Inafolow-upwork[40],theauthorsextendthe
previousworkbyproposingtwomechanismsforleaderselection.Authorsin[41]advocate
fortheuseofpropagation-relatedmetricsforleaderselection(i.e.,thestationwithworst
linkquality),supportingsomeresultswithexperiments,althoughtherearesomepractical
issuesduetosynchronizationandthecaptureeect.In[42],theauthorsproposea
combinationofLBPwithadaptivetransmissionrate,relyingonthefeedbackfromthe
stationsandcombinedwithaCTS-to-Selfsothatthemulticastreceiverswilbeawareof
anypendingtransmission.Authorsin[43]deneahybridmodelthatcombinesanLBP
approach,adaptiveratetransmissionandtunedpowercontrolbasedonthepositiveand
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negativefeedbackjammingratio.
ApartfromLBP-basedproposals,in[44]authorsproposetousetonestotransmit
thefeedbackinformation,i.e.,NACKsorNegativeCTS(NCTS),sothenumberofcol-
lisionsgetsreduced. However,thissolutionrequiresadedicatedsignalingchannelthat
isimplementedwithtwowirelessinterfaces. Otherproposedworksmixschemesalong
thelinesofDirectMulticastSequence(DMS):in[45],authorsproposetotransmitthe
videoI-framesusingunicast,whiletherestofvideoframesaretransmittedusinglegacy
multicast.SimilarlytoDMS,thisproposalposesscalabilityissues.
Basedontheabove,mostoftheexistingworkhasproposednon-standardschemes
toimprovevideoperformance. Apartfromthequalitativedescriptionin[46],only[47]
presentssomenumerical guresontheperformanceoftherecent802.11aastandard.Ho-
wever,incontrasttoourwork,inthatpaperauthorsassumean802.11bscenariowitha
low-bandwidthvideo,theyonlyconsiderasubsetoftheexisting802.11aamechanisms,
andtheperformanceevaluationdoesnotaddressthee ciencyoftheschemes(inpartic-
ular,foraminimumguaranteerequired).
Chapter3
VoiceTrafficin802.11Networks:
VoIPiggy Mechanism
Inthischapter,weproposetheVoIPiggy mechanism,whichpiggybacksthevoice
framesontoMACacknowledgmentsandenhancesthevoiceperformancein WLANsce-
narios.First,wepresentthemotivationbehindtheschemeanddescribethemechanism
aswelasthemodificationsthatitintroducestothestandardoperationofAPsand
stations. Tothisaim,weprovideananalyticalmodeltoevaluatetheperformancein
termsof:throughput,numberofsimultaneoussupportedvoicecalsanddelayofvoice
traffic.Furthermore,weimplementtheproposedschemeanditsfunctionalmodules.Fi-
naly,wepresentourtestbedandreporttheextensiveexperimentalevaluationconducted
fortheproposedalgorithminawidesetofnetworkconditionsandalsowithrealvoice
applications.
3.1 Motivation
Thestandardoperationof802.11introducesalargeoverheadforvoicetraffic,given
thesmalsizeofitsframesanditsbi-directionalnature. Toquantifythisoverhead,
letusconsiderascenarioconsistingofoneAPandonestation,andtheexchangeof
twovoiceframesbetweenthem,oneperdirection. Notincludingtheimpactofthe
backoffoperation,theframeexchangefolowstheoperationilustratedintheupperpart
ofFigure3.1.Accordingtothis,thetotaltimerequiredtoperformthisexchangefolowing
thestandardoperationisgivenby:
Tstd=2 DIFS+2Tp+H+lvR +SIFS+
ACK
Rc , (3.1)
whereDIFSandSIFSareconstanttimesdefinedbythestandard,Tprepresentsthe
durationofthepreamble,lvisthelengthofthevoiceframe,includingtheIPandUDP
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realisticnetworkconditions(e.g.,highernumberofstationsorpresenceofhiddennodes
thatwilincreasetheprobabilityofcolisionanddeferthestations'accesstothemedium).
Motivatedbythesepoor gures,wenextpresentthemodicationsintroducedbyVoIPiggy
toimproveperformance.
3.2 DescriptionoftheVoIPiggy mechanism
Weidentifythefolowingsourcesofine ciencyinthestandardexchangedepicted
inFigure3.1:(i)afterthereceptionofthevoiceframefromtheAPinthedownlink
direction,thestationhastosendtwoconsecutiveframesintheuplinkdirection(i.e.,from
thestationtotheAP),namelyanacknowledgmentframeandavoiceframe,separated
byaDIFS time,eachofwhichinvolvesasubstantialoverhead;(ii)furthermore,the
secondofthesetwoframesistransmittedaftercontendingforchannelaccess,whichadds
anextraoverhead;and(iii)theAP nalysendsanacknowledgmentframebacktothe
stationtoconrmthecorrectreceptionofthesecondvoiceframe,againinvolvingan
additionaloverhead.Inordertoeliminatethesesourcesofine ciency,ourmechanism
reliesonthefolowingkeyideas:
·The rstkeyideaofourproposalistosendthevoiceframeintheuplinkdirection
afteraSIFStimefolowingthetransmissionofthevoiceframeinthedownlink
direction.Inthisway,wetakeadvantageofthefactthatthemediumisalready
\cleared"fortransmissionafterthe rstvoiceframe,andhencesavetheoverhead
duetoanewcontention.
·Thesecondideaistomergethetwoconsecutiveframesintheuplinkdirection
(theacknowledgmentandthevoiceframes)intoonesingletransmissionbyusing
theACKtocarrythesecondvoiceframeintheoppositedirection.Thissavesthe
channeltimedevotedtothetransmissionoftheACK-giventhatthelengthofthe
MACheadersofthevoiceframeisrelativelysimilartothatofanACKframe-
improvessubstantialytheeciencywithlowimplementationcosts.
·ThethirdideaistoomitthelastACKframe.Thisisbasedontheargumentthatthe
probabilitythataframesuersfromafailureintheuplinkdirectionismuchsmaler
thanindownlink,astheuplinkframeissentafteraSIFS,andhenceisprotected
fromcolisions,whichisthemostcommonsourceforfailuresin802.11.Toensure
thatuplinkframesarenotlostevenintheunusualcasethattheysuerfailures,we
havedesignedthemechanismdescribedinSection3.2.1,whichretransmitsfailed
uplinktransmissionswithoutrequiringtoacknowledgetheseframes.
Basedontheaboveideas,weproposetomodifytheoperationoftheprotocolforthe
caseofvoicetracasilustratedinthebottompartofFigure3.1.Ourproposal,aswe
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formalyspecifyinSection3.2.1,introducestwosmalchangestothestandardoperation
ofthestationandtheAP:(i)assumingthatthereisapendingvoiceframeintheoutput
queueofthestation(thisisfurtherdiscussedinSection3.2.2),aSIFStimeafterthe
receptionofavoiceframefromtheAP,thestandardACKreplyisreplacedbyadierent
frame,whichincludesboththecontrolinformationcorrespondingtotheACKandthe
voiceframefromthestation;(ii)uponthereceptionofthisnewframefromthestation,
theAPproceedsasifastandardACKwasreceived(thusclearingtheoutputqueue)and
itprocessesthevoicedatacarriedbytheframe,butdoesnotacknowledgethereception
ofthevoiceframe.
AsFigure3.1ilustrates,thesemodi cationssaveapproximatelythetimespentinthe
transmissionofthetwoACKframes(2Tack,whereTack=SIFS+Tp+ACK=Rc).Ac-
cordingtothevaluesinthelastcolumnofTable3.1,thisresultsinsavingsofbetween20%
and45%overthestandardexchangeTstd(dependingontheMCSused).Furthermore,
anadditionalimprovementisthat,bymeansofthisscheme,thechannelcontentionis
largelyreducedasvoicestationsare\poled"bytheAP,thusyieldingadditionaleciency
improvementsasdetailedintheperformanceevaluationofSection3.5.1
NotethattheVoIPiggydesignreliesontheassumptionthatvoiceapplicationsdonot
implementsilencesuppression. Wearguethatthisisnotalimitingassumptioninrealistic
scenarios,sincethemostwidelyusedvoiceapplicationsnowadays,suchase.g.Skype
orGoogleHangouts,2donotimplementsilencesuppression[48]. Asreportedin[49],
thisresultsinbettervoicequalityandmaintainsUDPbindingsattheNetworkAddress
Translation(NAT),amongotheradvantages.InSection3.5.5,weevaluateVoIPiggyusing
realvoiceapplications(bothSkypeandGoogleHangouts)andconrmexperimentaly
thattheydonotusesilencesuppression.
3.2.1 Required Modications
Next,weformalizetheoperationofourproposalbydescribingthe modi cations
introducedinthestandardoperationoftheAPandthestations.
Changestothe AP. Giventhatthemechanismistriggeredbythevoiceframe
transmittedbytheAP,wegivethehighestprioritytothedeliveryofthistypeoftracby
settingthecontentionwindowcongurationforthevoicequeuetoCWVOmin =CWVOmax=2,
whichistheminimumalowedbythestandard. Thiscongurationhasbeenchosento
ensurethatthestringentdelayrequirementsofvoicetracaresatised.3
1Theimprovementonchannelcontentionresultsfromthefactthatvoicestationsdonotcontend
forthechannelbutpiggybacktheirpacketstoACKframes. NotethatifwehaddesignedVoIPiggyto
piggybackthepacketsoftheAPratherthoseofthestations,voicestationswouldcontendforthechannel
andhencewewouldnotseesuchimprovementinchannelcontention.
2GoogleHangouts: http://www.google.com/+/learnmore/hangouts/
3Eventhoughweareprioritizingvoicetra c,VoIPiggynotonlyimprovestheperformanceofvoice
butalsoofdatatra c,asshownbytheresultsofSection3.5.
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Anothermodi cationistheprocessingofthenewpiggybackedframesuponreceiving
them.Tothisaim,theAPhastoidentifythepiggybackedframe.Iftheframeisreceived
andthepiggybackeddatacanbedecoded,weproceedasifitwereanACK,removing
thevoiceframefromtheNICqueueandinformingtheupperlayers,withouttriggering
thetransmissionofanACK.IftheAPdoesnoteitherreceivetheuplinkframecarrying
theACKorcannotdecodethevoicedatapiggybackedtotheframe,thenitactsasit
hadnotreceivedtheACKandretransmitsthedownlinkframe(folowingthestandard
backo proceduretoretransmitframes).
Changestothestation.TotakeadvantageofthesavingsintroducedbytheVoIP-
iggyexchange,thestationneedstohaveavoiceframeintheoutputqueue,readytobe
piggybacked.Tothisaim,weenforcethat,whenastationhasavoiceframetotransmit,
itdoesnottransmititimmediatelybutwaitsforaframeinthedownlinkdirection.In
ordertoavoidwaitingtoomuchtime,whichwouldharmvoiceperformance,welimitthe
maximumwaitingtimeby .Thevalueof adaptstothevoicecodecusedinorderto
minimizethedelaysu eredbyoutgoingframes,aswedescribenext.
UponthereceptionofavoiceframefromtheAP,thestationhastoforgeaframeof
typeData+ACKandtransmititafteraSIFS.Incaseofanuplinktransmissionfailure,
folowingtheAPoperationdescribedabove,theAPretransmitsthedownlinkframe;the
stationidentiessucharetransmissionasithastheRetry agintheheaderset,and
repliesbyretransmittingthefailedframe(piggybackedtoanACK).
Withtheaforementionedrequiredmodi cations,theoperationofVoIPiggyresembles
thatofapolingscheme:thevoiceframessentbytheAPplaytheroleofpol frames,
towhichthestationsrespond(whenpoled)bysendingthevoiceframesintheopposite
direction(totheAP).ThissimilarityhasalreadybeenmentionedinChapter2,where
wereportthemaindi erencesbetweenVoIPiggyandapolingschemesuchasHCCA.
Intherestofthechapter,werefertothiswayofoperatingaspoling-likeoperation.
WeilustratethechangesintroducedbyVoIPiggyoverthestandardIEEE802.11state
machineinFigure3.2. Modi cationstostandardoperationof802.11arerepresented
bymeansofshadowedcirclesanddashedordottedlines,dependingonwhetherthey
aecttheAP(dashedlines)orthestation(dottedlines). Adetaileddescriptionofthe
implementationoftheabovemodicationsinourplatform,performedatthedriverand
rmwarelevels,isprovidedinSection3.4.
3.2.2 Settingof
Inthefolowing,wedesignthealgorithmtocompute.Thisparameterdetermines
themaximumtimeastationholdsavoiceframewhilewaitingforaframeinthedownlink
direction.Folowingtheexplanationprovidedabove,wewant tobe:(i)largeenough
tomakesurethatwepiggybackasmanyframesaspossibleand(ii)assmalaspossible
whilemeetingthiscondition,toavoidintroducingunnecessarydelays.
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whereKisapositiveconstant(folowing[50],wesetK=4). ThepurposeoftheKvi
termistoset largeenoughtoabsorbthedeviationssueredbytheinter-arrivaltimes.
Notethat,incasethesedeviationsarenegligible,thenthetermviwilbeverysmal
andwewilhave i T,whichcorrespondstotheidealcasementionedabove. The
eectivenessoftheabovealgorithmforthesettingof isexperimentalyevaluatedin
Section3.5.
3.3 PerformanceAnalysis
WenextanalyzetheperformanceoftheVoIPiggymechanismpresentedintheprevious
sectionintermsofthroughputperformance,capacityregionanddelayofvoicetrac.
3.3.1 Throughputperformance
WeconsideraWLANscenariowithoneAPandnvVoIPassociatedclients,alofthem
withtheVoIPiggyfunctionalityenabled.EachVoIPclientisconnectedtoaremoteclient
locatedoutsidethe WLAN. WeassumethattheVoIPapplicationgeneratespacketsof
xedsizelv.InthesameWLAN,weconsiderthepresenceofanothersetofndindependent
stations,eachgeneratingdataframesofxedlengthld.
Asaresultofourschemetocon guretheparameter ,wecanassumesafelythatal
framesfromthenvclientsarepiggybacked.Therefore,voicetracisservedbytheAPin
apoling-likeway,withonlyonestation(theAP)contendingforthechannel.Thus,we
canmodelthevoiceactivityinthe WLANasasingle\virtualstation"(seeFigure3.3).
Wedenotewith vtheprobabilitythatthisvirtualstationtransmitsinaslottime[51].
Similarly,wedenotewith dtheprobabilitythatadatastationtransmitsinaslottime.
Letps;vandps;dbetheprobabilitiesthatasuccessfultransmissionoccursinaslottime
foraVoIPstationandadatastation,respectively,andletTvandTdbethecorresponding
slotlengthsinthesecases,whichcanbecomputedas:
Tv=DIFS+SIFS+2Tp+H+ACK
′+2lv
R ; (3.5)
Td=DIFS+2Tp+H+ldR +SIFS+
ACK
RC ; (3.6)
whereACK′isthelengthofthemodiedacknowledgmentheaderforpiggybackedvoice
packets. Throughoutthearticlewewilassumethattheparametersfframelengths,
MCSgaresuchthatTd>Tv,whichisthetypicalcase,althoughthemodelcouldbe
easilyextendedtoaccountfordierentsettingsoftheparameters(folowing[9]).
Similarly,wedenotewithpc;dandpc;dvtheprobabilitiesofhavingacolisioninvolv-
ingdatastationsonlyandvoiceanddatastations,respectively(notethatunderour
assumptionsvoicestationsdonotcolidewitheachother),andwithTc;vandTc;dvthe
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Figure3.3:Scenario: WLANwith nvvoicestationsandnddatastations.
correspondingdurationofthesecolisions.Finaly,letpebetheprobabilityofhavingan
emptyslot(thedurationofsuchaslottimeisaconstantspecifiedbythestandard,Te).
Withthisnotation,theaveragedurationofaslottimecanbeexpressedas:
Tslot=peTe+pc,dTc,d+pc,dvTc,dv+ps,vTv+ps,dTd. (3.7)
Withtheabove,thethroughputofavoiceandadatastationinthe WLAN(denoted
asRvandRd,respectively)canbecomputedas:
Rv= 1nv
ps,vlv
Tslot, Rd=
1
nd
ps,dld
Tslot. (3.8)
Assumingthataldatastationsandthevirtualoneareindependent,theprobabilities
abovecanbecomputedasfolows:
pe=(1−τv)(1−τd)nd, (3.9)
pc,dv=τv(1−(1−τd)nd), (3.10)
pc,d=(1−τv)1−(1−τd)nd−ndτd(1−τd)nd−1 , (3.11)
ps,v=τv(1−τd)nd, (3.12)
ps,d=ndτd(1−τd)nd−1(1−τv). (3.13)
Finaly,tocomputetheslottimedurations,weuseTdandTvasdefinedin(3.6)
and(3.5),andweconsiderthatthecolisiondurationisdeterminedbythelongestframe
exchange,whichleadsto:
Tc,dv=max(Tv,Td)=Tc,d=Td. (3.14)
Withtheabove,wecancomputethethroughputobtainedbyeachtraffictype(voice
anddata)foragivenscenarioofnvandndstationsiftheprobabilitiesτdandτvare
known. Hence,theremainingchalengeistodeterminethevalueoftheseprobabilities,
whichwerefertoasthepointofoperation. Wenextaddressthischalenge.
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3.3.2 Pointofoperation
Here,wecomputethepair(τd,τv)giventhetransmissionparametersofthe WLAN,
theinputvariablesnv,nd,lv,ldandthetrafficgenerationratesofavoiceflow(rv)and
adataflow(rd).
Ouranalysisfolowsthetechniquedescribedin[9]. Wedefinesaturationrateasthe
ratethatastationwouldobtainifitalwayshadapacketreadyfortransmission(i.e.,
ifitwereconstantlybacklogged). Basedonthisdefinition,wecanclassifystationsas
saturated(whenthetrafficgenerationrateisabovethesaturationrate)ornon-saturated
(whenthetrafficgenerationrateisbelowthesaturationrate). Wefirstdescribehowto
computethetransmissionprobabilitiesdependingonwhetherthetraffictypeissaturated
ornot,andthenaddressthegeneralcase.
Saturatedstations. Wefirstconsiderthecaseinwhichstationsaresaturated.
Folowing[51],thetransmissionprobabilityofastationcanbecomputedbasedonits
minimumcontentionwindowW,anditsconditionalcolisionprobabilityp.Forthecase
ofvoicetraffic,giventheirbackoffconfiguration,theyalwaysusethesamecontention
windowindependentofthenumberofretransmissions,i.e.,Wv=CWVOmin=CWVOmax,and
thusweobtainthefolowingresult:
τv= 21+Wv. (3.15)
Forthecaseofdatatraffic,theconditionalcolisionprobabilitycanbecomputedas
theprobabilitythatatleastanotherstationtransmitsdataorvoice:
pd=1−(1−τd)nd−1(1−τv); (3.16)
thecorrespondingtransmissionprobabilityis[51]:
τd= 21+Wd+Wdpd m−1i=0 (2pd)i
, (3.17)
wheremisthemaximumbackoffstageandWdistheCWmin usedforthedatatraffic
type.
Thesystem(3.15)–(3.17)canbesolvednumericalytoobtainthetransmissionprob-
abilities(τd,τv),andbasedonthesewecanuse(3.8)tocomputethevoiceanddata
throughputundersaturationconditions.
Non-saturatedstations. Undernon-saturation,weassumethataltrafficgenerated
isserved,andthereforethefolowingholdsforthecaseoftheAP(i.e.,voicetraffic):
1
nv
τv(1−pv)lv
Tslot =rv, (3.18)
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wherepvistheconditionalcolisionprobabilityforvoice,givenbytheprobabilitythat
atleastonedatastationtransmits:
pv=1!(1! d)nd: (3.19)
Similarly,forthecaseofadatastation,wehave:
d(1!pd)ld
Tslot =rd; (3.20)
wherepdiscomputedasinEq.(3.16).
Therefore,oncend,nv,rvandrdareknown,andassumingthatbothtypesoftra c
arenotsaturated, dand vcanbeobtainedbysolvingthesystemofequations(3.16),
(3.18){(3.20).
Generalcase. Wenextcombinetheaboveanalyzesforthesaturatedandnon-
saturatedcasestoobtaintheoperationalpointofthe WLANinagenericscenarioin
which,dependingontheo eredloadrvandrd,neither,onlyoneorbothtractypesare
saturated.Inordertocomputethepointofoperation,weproceediterativelyasfolows.
1. We rstassumethatalstationsaresaturatedandcomputevand dbysolving
thesystem(3.15){(3.17).
2.Usingthetransmissionprobabilitiesobtained,wecomputetheper-stationthrough-
putforeachtypeoftra c,RvandRd,with(3.8).
3.Iftheobtainedthroughputislessthanorequaltothetra cgenerationrateforboth
dataandvoicetra c,theanalysisisterminatedandthepair(v;d)determines
thepointofoperationofthe WLAN.Otherwise,therearethreepossiblechoices:
(a)Neithervoicetracnordatatracaresaturated(i.e.,Rv>rvandRd>rd).
Inthiscase,thesystemofequationstosolveisgivenby(3.16),and(3.18){
(3.20).
(b)Voicetracisnotsaturatedanddatatracissaturated(i.e.,Rv>rvand
Rd<rd).Inthiscase,thesystemofequationstosolveisgivenby(3.16){
(3.19).
(c)Voicetracissaturatedanddatatracisnotsaturated(i.e.,Rv<rvand
Rd>rd).Inthiscase,thesystemofequationstosolveisgivenby(3.15),
(3.16),and(3.20).
4. Wenextsolvethecorrespondingsystemofequationstoobtaintheprobabilities v
andd,computingagainthethroughputsRvandRd.Ifthesethroughputsmeetthe
sameconditionsastheonesusedtoderivethecorrespondingvanddprobabilities,
thealgorithmterminates.Otherwise,wegobacktostep3.
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3.3.3 Capacityregion
Basedontheaboveanalysisofthepointofoperation,wenowaddresstheissueof
computingthesetoffeasiblealocationsina WLAN,i.e.,thenumberofflowsthatcan
besupportedwithoutthroughputlosses,whichwerefertoasthe“capacityregion”ofthe
WLAN.Ourcapacityregionanalysisassumesthatalvoicestationsusethesamecodec,
andthataldatastationsgeneratethesametraffic,althoughtheseassumptionscouldbe
easilyrelaxedatthecostofamorecomplexderivation.
Voice-onlyscenarios. Wefirstconsiderthesimplecasewhenthereisonlyvoice
trafficinthe WLAN.Asexplainedabove,weassumethatinthiscaseVoIPiggyenforces
apoling-likeoperationacrossvoicestations.Inthesecircumstances,alvoicetrafficcan
beservedaslongasthetotalarrivalrateattheAPisbelowthemaximumservicerate
R∗v,whichiscomputedfromEqs.(3.7)–(3.13)withnv=1andnd=0:
R∗v= τvlv(1−τv)Te+τvTv, (3.21)
whereτviscomputedviaEq.(3.15),i.e.,insaturationconditions.Assumingageneration
rateofrv,the maximumnumberofconversationsinavoice-onlyscenario,whichwe
denoteasn∗v,canthenbecomputedas:
n∗v= R
∗v
rv . (3.22)
Voiceanddatascenarios. Wenextconsiderthegeneralscenarioinwhichthere
arevoiceanddatastations. Wesaythatagivenset(nv,nd)ofvoiceanddatastations
issupportedbythe WLANifalthetrafficgeneratedbythestationscanbesenttothe
WLAN,i.e.,bothtraffictypesarenotsaturatedandhencetherearenolosses.Inthis
case,wesaythepair(nv,nd)lieswithinthecapacityregionC(rv,rd)ofthe WLAN,i.e.,
(Rv=rv,Rd=rd)⇔(nv,nd)∈C(rv,rd)
Basedonouranalyticalmodel,onewaytocomputetheconvexhulofCisbyper-
formingasweeponnvfrom0ton∗v,andforeachvalueofnvincreasethenumberofdata
stationsnduntilanyofthetwotraffictypes(voiceordata)becomessaturated.4
3.3.4 Delayperformance
Theaboveanalysisservestodetermineifasetofvoiceanddataflowsissupported
bythe WLAN;however,inordertoprovideQoSguaranteestovoiceapplications,more
4Althoughwehaveconsideredthatdatatrafficisgeneratedatafiniteraterd,folowingasimilar
procedurewecouldcompute,e.g.,themaximumratethatonedatastationcouldgetinpresenceofnv
voiceflows.
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sophisticatedmodelsinvolvingdelayperformancearerequired. Totacklethis,wenext
analyzethedelayperformanceofvoiceina WLANundertheVoIPiggymechanism.Our
analysisfocusesonthedownlinkdirection,i.e.,trafficfromtheAPtothestations,asthis
isthe“bottleneck”ofthenetwork(intheuplinkdirection,stationsholdtheirframesup
toδ,andhencethedelayisboundedbyalowvalue).
Voice-onlyscenario.Wefirstanalyzethedelayperformanceofa WLANserving nv
flows.GiventhattheminimumvalueofCWisusedandthereisnodatatrafficpresent,
wecanassumethatservicetimeforvoiceframesismostlyconstantandequaltoTv.In
theseconditions,oursystemisasingleserverqueuewithperiodicarrivalprocessesand
deterministicservicetimes,andcanthusbemodeledfolowing[52]. Withthismodel,the
survivorfunctionF−1(t)forthequeuingdelayinthisscenariocanbecomputedas:
F−1(t)=Pnv−1(t,tv,Tv)tnv−1v , x≥0, (3.23)
wheretvistheinter-arrivaltimeofvoicetraffic,givenbytv=lv/rv,andPk(t,tv,Tv)is
computedas:
Pk(t,tv,Tv)=
k−1
l=0
qk,l(t,Tv)(tv−kTv+t)l, (3.24)
withthecoefficientsqk,l(t,Tv)computedrecursivelyasfolows:
q0,l(t,Tv)=0, (3.25)
qk,0(t,Tv)=(kTv−t)+ k, (3.26)
qk,l(t,Tv)=kl
k−2
j=l−1
j
l−1T
j−l+1v qk−1,j(t,Tv), (3.27)
wherey+=max(0,y).Fromtheabove,theCumulativeDistributionFunction(CDF)of
thequeuingdelaycanbeobtainedasF(t)=1−F−1(t).
Theaboveprovidesthequeuingdelaysufferedbyaframe.Toobtainthetotaldelay,
weneedtoaddthetransmissiontimeofavoiceframefromtheAPtothestation,which
isgivenby:
T′v=DIFS+Tp+H+lvR . (3.28)
Notethat,incontrasttoTv,theabovetransmissiontimeonlyaccountsforthetime
elapseduntilthevoiceframereachestheAPandhenceincludesneithertheACKnorthe
piggybackedvoiceframe.Theadditionofthequeuingdelayandtransmissiontimeleads
tothefolowingCDFforthetotaldelayDofthedeliveryofdownlinkvoiceframes,which
isashiftedversionofF(t):
FD(t)=F(t−T′v),t≥T′v. (3.29)
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probabilitycanbeexpressedas:
pdef= ndnd+nv!1: (3.32)
whichcompletesthemodelforthedelayperformanceinascenariowithconcurrentvoice
calsanddatastations.
3.4 ImplementationDetails
InthissectionwedetailtheimplementationofVoIPiggy,usingAlix2d2devicesfrom
PCEngine.5We rstprovideanoverviewofthechosenplatform,andthendescribethe
requiredmodicationstotheLinuxkernelandtothedevice rmware.
3.4.1 Platformoverview
TheAlix2d2embeddeddevicesarepopularlow-costcomputers,equippedwitha
GeodeLX800AMD500 MHzCPU,256 MBDDRDRAM,2 Mini-PCIsocketsanda
CompactFlashsocket,towhichweattacheda4GBcardtoaccommodatetheinstalation
ofaLinuxdistribution. WeinstaledaBroadcomBCM94318MPG802.11b/g MiniPCI
wirelesscard,andusetheUbuntu9.10Linux(kernel2.6.29)softwareplatform.
Theimplementationofthe802.11stackforthechosenplatformiscomposedofthree
mainsoftware/ rmwaremodules,ilustratedinFigure3.5:(i)themac80211framework
thattakescareofthehigh-layeroperations;(ii)thedeviceDriver,whichisawrapper
betweentheinternalbuersandthephysicaldevice;and(iii)theFirmwareofthedevice,
whichimplementstheinternallogicthatcontrolstime-criticaloperationssuchas,e.g.,
packetretransmissions,whichcanbeperformedatneitherkernelnorapplicationlevel,
duetotheunpredictabledelayintroducedbythebuseswhencrossingtheprotocolstack.
LinuxkernelsupportstheBroadcomchipsetusingtheb43opensourcedriver,which
loadsthermwareduringstartup. Wetakeadvantageofthisfeaturetosubstitutethe
default rmwarewithOpenFWWF,6an\OpensourceFirmWarefor WiFinetworks"that
supportscustomizationofthedeviceinternaloperationsandhasbeenusedinthepast
tointroduceextensionstothe802.11defaultbehavior[54,55].Theuseofthisrmware
enablesmodifyingtheprotocolstatemachinebyreactingtosomeconditions,andgrants
accesstokeyinternalmodulesofthedevice,namely:(i)MACprocessor(MP),engine
responsibleforrunningthestatemachine;(ii)DirectMemoryAccess(DMA)Controler,
whichcontrolsthedatatra cfrom/tothehostandinterfacestheMPtothehostker-
nel;(iii)TXFIFOqueues,drivenbytheDMAcontroler,whichdeliveroutgoingpackets
5PCEngines:http://www.pcengines.ch/
6Werefertheinterestedreaderonthedetailsofthe OpenFWWF rmwaretoitsweb-page:http://www.
ing.unibs.it/openfwwf/
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procedure,VOICERX.IRQ,whichistriggeredwhenavoiceframefromtheAParrives
andthehead-of-lineframeisavoiceframe.ThisprocedureforgestheVoIPiggyframe,
whichextendsthedefaultACKtoincludethevoiceframeandthesenderMACaddresses
(updatingthepacketlengthandPLCPaccordingly).Aftertransmittingthevoiceframe,
wecontinuetoholditincaseithastoberetransmitted.Thishappenswhenavoiceframe
withtheretry agsetisreceivedfromtheAP.TheframeishelduntiltheAPtransmits
anewframe(withtheretry agunset)ortheapplicationgeneratesanewvoicepacket.
Attheaccesspoint,themainmodicationatthermwarelevelistheabilitytoiden-
tifyandprocessthevoipiggiedframesreceivedfromthestations.Forsimplicity,wedothis
bycomparingthelengthofthereceivedframe,whichisprovidedintheSPRRXEFRAMELEN
register,againstthelengthofalegacyACK.Iflonger,andthepiggybackeddataiscor-
rectlydecoded,thecompleteframeispassedtothedriverforprocessing,aswedescribe
inthenextsection;otherwise,thedefaultARQprocedureistriggered.
3.4.3 Driver Modications
Thelesstimecriticalfunctionswereimplementedatthedriverlevelinthekernel,in
theCprogramminglanguage.
Atthestationside,whenthedriveridentiesaframeasVoIP,7itmarksitassuitable
forpiggybacking.Thisisdonebymodifyingtheb43generatetxhdr()functionofthe
drivertoextendtheb43txhdrdatastructure,inordertoincludeabitthatwedenote
asPIGGYBACKENABLED. Wealsopre-computeinthisfunctionsomevariables(e.g.,PLCP
header)tospeed-uptheforgingofthepiggybackedframeinthe rmware.
Attheaccesspointside,weaddahookinthedrivertoprocessthe\long"ACK
framesplacedintheskbbuffbuer.Thisprocessingconsistsof rstforgingaregular
dataframeforthevoicepayload,byinsertingthemissingsenderandreceiveraddresses,
theLLCheader,etc.Then,theframeispassedtothemac80211module(whichremains
oblivioustotheVoIPiggyoperation)viatheb43rx()function.
Finaly,tocomputethe parameter,andalsofordebuggingandmonitoringpurposes,
weextendedtheb43wldevstructurethatcontainsvarioustransmissionandreception
statistics(e.g.,totalnumberofframes,transmissionattempts)toincludethoserelated
totheoperationofVoIPiggy(e.g.,inter-arrivaltime,numberofvoipiggiedframes).
3.5 PerformanceEvaluation
Inthissectionwerstdescribethetestbedusedinourexperiments.Then,weevaluate
theperformanceofVoIPiggyunderalargenumberofdierentscenarios,intermsof
7TherearevariousalternativestodetectiftheframeisVoIP,suchas:byhavingtheapplicationset
theDi erentiatedServicesCodePoint(DSCP)byte,bylookingatthePayloadType eldfromaRTP
header,attheframelength,etc.Forsimplicitywedoitbycheckingifthedestinationportmatcheswith
apredenedvalue.
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Figure3.6:Deployedtestbed,consistingon1APand30stations.
numberofstations,datatra candMCSused.Throughoutourexperimentswecompare
(wheneverpossible)theresultingperformanceagainstthatobtainedwiththestandard
channelaccess,inwhichvoicetracanddatatracareconguredwiththerecommended
CWparametersoftheVOandBKqueuesoftheEDCAstandard,respectively(denoted
as\EDCA").Finaly,wevalidatethealgorithmusedtocompute,testitusingrealvoice
applicationsandprovideadditionalinsightsontheperformanceofVoIPiggy.
3.5.1 TestbedDescription
Ourtestbeddeployedinano cespaceatUniversityCarlosIIIde Madrid,Spain,
isdepictedinFigure3.6.Itconsistsof30Alix2d2devicesactingaswirelessstations,
andonedesktopmachineactingasAP. TheAP,inthelowerleftcornerofthe gure,
usesa7dBiomnidirectionalantennalocatedinthecenterofthetestbed.Thestations
aredeployedaroundthisantennaandequippedwith2dBiomnidirectionalantennae.Al
nodesuseatransmissionpowerof20dBm.Giventhatthe2.4GHzbandiswelpopulated
inourtestbed,wetookgreatcareinperformingtheexperimentswhenthetracactivity
waslow.
Weuse mgen8astra cgenerator,toemulatethebehaviorofstandardvoicecodecs
anddatatransfers. Thistoolsupportsthecomputationofone-waydelay guresby
insertingtimestampsinalpackets.Sincethisrequiresthatnodesaresynchronized,we
runthePrecisionTimeProtocol(PTP)daemon9overtheEthernetinterfacesofthenodes,
achievingtimesynchronizationwith0.1msofaccuracy.Thewiredinterfaceisalsoused
toperformothercontrolandmanagementplaneoperations,suchasremoteexecutionof
testsorretrievaloftheresultsforo-lineprocessing,sothattheydonotinterferewith
theactualmeasurementdataonthewirelessmedium.
3.5.2 CapacityRegion
Voice-onlyscenarios.Westartourperformanceevaluationwithascenarioinwhich
8MGEN:http://cs.itd.nrl.navy.mil/work/mgen/
9PTP:http://ptpd.sourceforge.net/
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Table3.2: Maximumnumberofconversationssupportedinavoice-onlyscenario.
Voice MCS nvexperimental nvmodel
codec (Mb/s) EDCA VoIPiggy Gain VoIPiggy Gain
G.711
2 5 9 80% 9 80%
5.5 10 18 80% 18 80%
11 12 26 116% 26 116%
6 19 29 53% 29 53%
9 24 30 - 49 71%
12 26 30 - 52 100%
54 30 30 - 125 -
G.726
2 8 14 75% 14 75%
5.5 10 26 160% 26 160%
11 12 30 - 33 175%
6 23 30 - 49 113%
9 26 30 - 66 153%
12 30 30 - 79 -
54 30 30 - 154 -
onlyvoicetra cispresent. Tothisaim,weanalyzethemaximumnumberofconver-
sationssupportedinthe WLAN,withdierentcongurationsofthevoicecodecand
MCSused. Morespeci caly,weincreasethenumberofstationsnvfrom1untiln∗v+1
isreached,whichistheminimumnumberofvoicestationsthatleadstotraclosses.
Inordertomaintaingoodstatisticalguarantees,foreachcongurationofnvwerepeat
thetest5timeswithadurationof30seach,increasingthenumberofconversationsif
noneoftheexperimentssuersfromtraclosses. Wealsoobtain,folowingasimilar
procedure,themaximumnumberofvoiceconversationsthatcanbesupportedwiththe
standardEDCAconguration. WepresenttheobtainedresultsinTable3.2,inwhich
wealsoprovidethevaluepredictedbyouranalyticalmodelofSection3.3.3,aswelas
theresultingimprovementsinthemaximumnumberofconversationsofVoIPiggyover
EDCA(columns\Gain").Notethatwemarkthoseexperimentsinwhichthenumberof
supportedconversationsreachedthemaximumnumberofnodesinourtestbedas 30.
Therearetwomainconclusionsthatcanbedrawnfromthetable. First,theex-
perimentalresultsshowaperfectmatchwiththosefromthetheoreticalmodelforal
thecasesthatcanbeevaluatedwiththenumberofnodesavailableinthetestbed(i.e.,
n∗v<30).Second,VoIPiggysignicantlyincreasestheeciencyof WLANsinthepres-
enceofvoicetrac.Indeed,ascomparedtothestandardrecommendedconguration,
theimprovementsrangebetween53%and175%-adramaticgainattherelativelysmal
costofimplementation.
Theaboveconrmsthat,invoice-onlyscenarios,VoIPiggyisabletoboostthecapacity
ofthenetwork,consequentlyreducingtheine ciencyofthestandardprotocolwhenshort
packetsaresentinbothdirections(asdiscussedinSection3.1). Wenextanalyzehow
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Table3.3:Performanceofthealgorithmtocompute
Voicecodec %piggybacked Ti(ms) vi(ms)avg.
G.711 99.22 0.90% 19.8 0.58
G.729a 99.12 0.73% 39.4 1.10
Skype 99.61 0.17% 30.3 5.76
experimentsanditsstandarddeviation(),alongwiththeaveragevaluesoftheTiandvi
parametersofouralgorithm.Thenumerical guresconrmtheabilityofthealgorithm
toadapttothevariabilityofeachframearrivalprocess,aspracticalyalframesare
piggybackedwithoutusingoverlylargevaluesfor .
Toconrmthatouralgorithmalsoworkswithrealvoiceapplications,weevaluated
itsperformancewithSkype. Theresults,giveninTable3.3,showthatpracticalyal
framesarepiggybackedinthiscase,whichconrmsthatVoIPiggyworkswithSkype.
ThisconrmsthatSkypedoesnotusesilencesuppression,asotherwisemanyofthe
uplinkframeswouldnotbepiggybacked.Inaddition,weconrmedexperimentalythat
GoogleHangoutsdoesnotimplementsilencesuppressioneither.
ToevaluatethereliabilityofVoIPiggy,wehaverunseveralexperimentsandmeasured
thenumberofframesthathadtoberetransmittedaswelasthetotalnumberoflost
frames.Foralexperiments,outo(approx.)1500frames,about50hadtoberetrans-
mitted(lessthan5%),andnonewaslost. WeconcludethatVoIPiggyisabletoreliably
deliverframesinbothdirections.
3.6 Summary
Inthischapter,wehavedesigned,implementedandevaluatedVoIPiggy,amechanism
toimprovetheeciencyofMACoperationwhenvoicetracispresentin802.11WLANs.
Incontrasttolegacyoperation,whichincursaverylargeoverheadandwastessubstantial
timeincontention,VoIPiggyextendsthecontrolframessentfromthestationstotheAP
withuserdata,thuspracticalyhalvingthetimerequiredtotransmitvoiceframes.In
thisway,notonlythecapacitytosupportvoicetracinthe WLANisboosted,butalso
datatra cbenetsfromtheincreasedeciencyinthedeliveryofVoIP.
Wehavedescribedthesmalsetofmodi cationsrequiredtoimplementVoIPiggy,
whicharesupportedbyexistingCOTSdevices,andprovidedananalyticalmodeltopre-
dictitsperformanceintermsofcapacityregionanddelay.Toassesstheperformanceim-
provementsofVoIPiggyandvalidateitsmodeling,wehavedeployedalarge-scaletestbed
consistingof30devices.Throughextensiveperformanceevaluationwehaveshownthat
our mechanismdramaticalyimprovesperformance{whichprovidesastrongempiri-
calsupportfortheadoptionofVoIPiggy{andhavedemonstratedtheaccuracyofour
3.6.Summary 41
analyticalmodel.
Inthenextchapter,wetacklethechalengeofprovidingecientvideomulticastde-
liveryinthe802.11networks. TothatpurposewedetailtheoperationoftheGATS
mechanismsoftherecent802.11aastandardandweevaluatethembymeansofsimula-
tions.

Chapter4
MulticastVideoStreamingin
802.11networks: GATS
mechanisms
InthischapterwedetailtheoperationoftheGATSmechanismsdenedin802.11aa,
namelyDMS,UnsolicitedRetries(UR)andBA. Wepayattentiontothedierentcong-
urableparametersproposedbytheGATSmechanisms,whichcorrespondtothenumber
offramesinaburstforthecaseofBA,aswelasthenumberoftimesaframeisre-
transmittedinthecaseofUR.Finaly,weevaluatebymeansofsimulationstheGATS
mechanismsintermsoftwometrics,reliabilityandcostperservice,whichwilbeintro-
ducedinSection4.3.
4.1 Motivation
AsdescribedinChapter1,IEEE802.11 WLANsdidnotsupporte cientdeliveryof
videostreams.Subsequentamendmentshavetriggeredtheirwidelydeployment,dueto
itsreducedpriceandhighbandwidth,becomingthe\technologyofchoice"toconnect
dierentdevicesin,e.g.,residentialdeployments. AlthoughthenewIEEE802.11ac,
802.11adamendmentsprovidealargeincreaseintermsofachievablebandwidth,the
newdemandsduetothearrivalofhighdenitionvideoimposeaseveralburdenonthe
current MACscheme,inparticularforthedeliveryofmulticasttrac.Inthischapter
weinitialypresentasummaryonthemain MACmechanismstosupportmultimedia
servicesover802.11 WLANs. NextwepresenttheimplementationofthenewIEEE
802.11aaamendmentandthoroughlyevaluateitunderawidesetofscenarios.
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Wenextprovideanoverviewofthemechanismsde nedbyGATS,whichweilustrate
inFigure4.1forthecaseoftworeceivers,forthesakeofcomparison,alongwiththe
legacy802.11multicastservicedescribedinSection2.1.2.1(Figure4.1a). Wenotethat
thelegacyserviceneverretransmitsnorusesanytypeoffeedbackand xthe MCSto
maximumintheBasicRateSet.
4.2.1 Direct MulticastService(DMS)
ThismechanismilustratedinFigure4.1b,wasspeciedby802.11vtoimprovethe
deliveryofmanagementtra c,and802.11aaextendsittosupportdataframes.Asthe
nameimplies,theschemeperforms,foreverygroupaddressedframeanddestination,a
standardunicasttransmission(asilustratedinFigure4.1bfortwogroupcastmembers).
Thetransmissionfolowsthelegacyprocedureandtheframesareretransmitteduntil
anACKisreceived,orthemaximumretransmissionlimitisreached(andtheframeis
discarded). Althoughthismechanismprovidesveryhighreliabilitywithasmalimple-
mentationcost(aswewildetailinSection5.1.3),italsoposesscalabilityissuesasthe
consumedresourceslinearlygrowwiththenumberofgroupmembers:evenwithperfect
channelconditions,thenumberofrequiredtransmissionspervideoframeisproportional
tothenumberofreceivers.
TheDMSensuresreliabilitybyretransmittingaframeas manytimesasneeded,
butitresultsveryine cientbecauseeachdestinationisaddressedinunicast.Inorder
tobenetfromretransmissionsbutwithoutsoextremeineciency,802.11aaspecies
twonewmechanismsthatconstitutetheGroupcastwithRetries(GCR)service:one
mechanismthatisrelativelysimplebutnotverye cientconsistingofretransmittingthe
sameframeRtimes,knownasUR,andanothermechanismthatresultsmorecomplex
butimprovestheuseofwirelessresourcesleveringthetransmissionofframeburstand
BApolingscheme,namelyBA.
4.2.2 GCRunsolicitedretry(UR)
Thisdeliverymethod,depictedinFigure4.1c,preemptivelyretransmitsalframes
R+1times,tolessentheimpactofchannelerrorsandincreasethedeliveryprobability
totheSTAs.Inthisway,themechanismaimsatimprovingreliabilitywithaverysimple
scheme,whichdoesnotrequirea\closedloop"betweenthesenderandthereceiver(s),and
thereforethepricetopayiseciency:successfulyreceivedframescanberetransmitted
severaltimes. Unlikethelegacyservice,thisschememayusealsohigh MCS,henceit
maybemoree cientdespitetheunnecessaryretransmissions. Notethatthenumber
ofretransmissions(R)touseisnotspeciedinthe802.11aastandard,butstatedas
implementation-dependent.
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4.2.3 GCRBlockAck(BA)
TheGCRBlockAcknowledgment(BA)mechanism,depictedinFigure4.1(d,e),ex-
tendstheBlockAckoperationofthestandardtosupport multipledestinations.Its
operationconsistsonsendingaburstofupto\GCRbuersize"(wedenotethisbuer
sizeasM)consecutivegroupcastframesinaburst,andthenperformingaper-station
polingoperationtoreceivethecorrespondingacknowledgments.AfterreceivingtheBlock
AckReplyframefromoneSTA,theAPsendsanotherBlockAckRequestframetothe
nextSTAandsoon,andthenproceedstosendanotherburstofmulticastframes.
GCRBlockAckcomprisestwovariantsdependingonthecontrolexchangeprocedure:
GCRImmediateBlockAckandGCRDelayedBlockAck.Intheimmediatevariantof
thescheme(BA-Iforshort),depictedinFigure4.1d,abacko processisexecutedfor
thetransmissionofthedataburst,andtheseparationbetweenframesistheminimum
speciedbythestandard,namely,aSIFStime,i.e.,therecipientofaBlockAckRequest
framerepliesimmediately(afteraSIFStime)withaBlockAckReplyframe.Incontrast,
inthedelayedversionofBA(BA-Dforshort),ilustratedinFigure4.1e,eachBlockAck
frameisacknowledgedbytheintendeddestination,andalrepliesareperformedaftera
backo operation.Thisbacko procedurewasintroducedtoenablestationswithlowCPU
capabilitiestousethismechanism,asitgivesthemmoretimetocomputeCRCvaluesand
generatetheACKbitmap. WiththeGCRDelayedBlockAck,bothBlockAckRequest
andBlockAckframesareacknowledgedwithanACKframe.Thisdelayedversionimposes
lessstringentrequirementsontheimplementation,asstationshaveatleastoneadditional
backo toprocessthereceivedframe(s)andgeneratethecorrespondingones,butresults
moreine cientandprovidesworsevideoservice.
IncontrasttotheGCRURscheme,theGCRBAintroducesanotableimplementation
complexity,withaclosed-loopbetweenthetransmitterandthereceiverstoaccountfor
acknowledgedframes,andtheuseofa\slidingwindow"tokeeptrackofthepending
frames.Thisincreasedcomplexity,aswewilseeinSection4.3,willeadtotheabetter
ecientuseofthewirelessresources.
4.2.4 Parametersofthe mechanisms
Themechanismsavailablewith802.11aao eravarietyofparameterstoset,butthe
standardprovidesnoguidelinestowardstheiroptimalcongurationforanyscenario(de-
scribedintermsof,e.g.,radioconditions,numberofreceivers,videoBW).Forsimplicity,
wesettheMCSofdataframestoMCSD=54Mb/s,andforthecaseofControlandMan-
agementframeswesetittoMCSC=24Mb/s. WerepresentwithM thesetofmechanism
understudy,withM2fL;URi;DMS;BA-IM;BA-DMg,whichthereforeconsistsonthe
folowingveschemes:
4.3.Performanceevaluation 47
·L:Legacymulticast,transmittedatMCSC1.
·URR:URwithRretries(R 0)atMCSD.
·DMS:atMCSD.
·BA-IM:withamaximumburstofM frames,atMCSD.
·BA-DM:withamaximumburstofM frames,atMCSD.
4.3 Performanceevaluation
Toperformtheevaluationofthenewmulticastmechanisms,weusetheOMNeT++
simulationframework,2conguredwiththe802.11eEDCAmodule,whichweextendin
ordertosupportthenewschemes.Foralresultswepresenttheaverageof10simulation
runs,andweconrmedthat95%condenceintervalswerebelow1%oftheaverage.
4.3.1 Scenarioandchannel model
Our WLANscenarioconsistsononeAPsendingavideo owtowardsKdestinations,
usingthe802.11gPHYlayer.Ourvideo owisbasedonatrace-lefromamovieclipof
2-minutedurationencodedwiththeH.264standard[57],oneofthemostpopularvideo
codecs[58].Itsspatialresolutionis xedto720x480,usingavariableqparameterwith
constantbitrateof3.91Mb/s. WerefertothedirectionfromtheAP(stations)tothe
stations(AP)asdownlink(uplink).Stationsare40mawayfromtheAPandcongured
withatransmissionpowerof20dBm. OurchannelmodelcloselyfolowstheOFDM
modeldescribedin[59].
Inordertoproperlyanalyzetherobustnessandcostoftheuseofthe802.11aamech-
anismsunderawidevarietyofscenarios,inadditiontotheabovechannellosseswealso
introduce,folowing[60],interferencelosses,toaccountfortheimpactof,e.g.,hidden
nodes.Basedonthis,inoursimulationswewilprovideresultsbasedontheper-frameloss
probabilityp,whichaccountsforbothradiolosses(withprobabilitypR)andinterference
losses(withprobabilitypI),asfolows:
p=1!(1!pR)(1!pI):
4.3.2 Open-loopschemes
Hereweanalyzetheperformanceofthosemechanismsthatdonotrequiretra cin
theuplinkdirection,whichwerefertoasopen-loopschemes(i.e.,M2fL;URig). We
rstanalyzetheirreliability,i.e.,howgoodtheyareatsuccessfulydeliveringframes.
1ThisisthemaximumMCSavailableintheBasicRateSet.
2http://www.omnetpp.org
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Table4.1:Overheadoftheopen-loopschemes
UR0 UR1 UR2 UR3 L
1.00 2.00 3.00 4.00 2.25
wilincurintoahugeresourcewastageduetotheoverlyrobustnessoftheMCS,orwith
UR3mostofretransmissionswilbeunnecessary.
Toquantifyresourcewastage,wedenetheoverhead astheratiobetweenthechannel
timerequiredbythemechanismM tosendtheframesovertheminimumchanneltime
thatwouldberequiredtosendthem(regardlessofthe achieved).LetTM denotethe
channeltimeoccupiedbyM todelivertheframes.GiventhattheGCRunsolicitedretry
withR=0(UR0)istheschemethatconsumestheleastamountofresources,wecan
computetheoverheadas:
= TMTUR0; (4.2)
wherewecomputeTbyaddingthetimethatthemediumisbusy(re)transmittingdata
andcontrolframes.4
WereportinTable4.1theoverheadvaluesoftheopen-loopschemes,whichdonot
dependonthenumberofreceivers(incontrasttothemechanismsofthenextsection)
and,asexpected,growlinearlywiththenumberofretries. Giventhe MCSconsidered
(54Mb/sand24Mb/sfordataandlegacy,respectively),inthiscasewehavethatwith
tworetries(i.e.,UR3)theschemealreadyconsumesmorewirelessresourcesthanthe
legacycase,despiteitslowMCS. WeconrmthattheoverheadoftheGCRunsolicited
retryforanR=1;2;3,aretwo,threeandfourtimesmorethancasewithoutretries
(UR0).
Withtheabove,wehaveontheonehand toquantifyhowgoodamechanismis
atdeliveringdata,andontheotherhand, toquantifyhowmuchitcoststouseit.In
ordertobettercomparetheschemes,weintroducetheratio = asthecostperservice
ofascheme,i.e.,theamountofresourcesconsumedpereachunitofreliabilityobtained.
TheresultsaredepictedinFigure4.3.
Theresultsshowthatthelegacyscheme(solidline)providesacostperservicethat
notablyincreasesaspincreases.Thereasonisthatalthoughtheoverhead isxed,the
reliability decreaseswithp,andtherefore= grows.Thesamequalitativebehaviour
isobtainedfortheURischemes,althoughinthesecasesthedecreaseof islesssteep,
thereforethecostperserviceisatter.The gurealsoservestoilustratethatdepending
onthenumberofretriescongured,thecostperservicecouldbehigherorsmalerthan
theonewiththelegacyscheme,whichilustratesthe exibilityintroducedby802.11aa
andmotivatesthedesignofmechanismstoadequatelytunethisparameter.Finaly,it
4Notethat,theoverheadcostisnottheonlycostthatcanbeassociatedwithagivenscheme,asthere
areothercosts,e.g.,complexity/CPU,memory. WepostponethediscussiononthoseuntilSection4.3.5.
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thecontroltracissignicant)themaximumburstlengthM hasanotableimpacton
performance,asopposedtothecaseofK=5receivers,wheretherearelittledi erences
betweenthetwoM congurations.
Theaboveresultsquantifythedi erencesintermsofperformancebetweenthemulti-
castschemes. Wenextsummarizequalitativelytheirdierences,discussingthepro'sand
con'sofeachscheme.
4.3.5 Discussion
Herewesummarizethemainresultsfromoursimulation-basedassessmentwhiletak-
ingintoaccountthequalitativedierencesbetweenthemechanisms,bothintermsof
theireaseofuse(incase,e.g.,theyrequireapropertuningofaparametertoachieve
goodperformance)andthecomplexityintroduced.
·Thelegacymechanism,asexpected,istheapproachthatprovidesingeneralthe
poorestreliability,andgivenitslowMCS,italsoprovidesverylowe ciencyvalues.
However,itshouldbenotedthatintermsofcostperservice,itcanoutperform
veryaggressivecongurationsofURi,andthatforgood WLANconditions8itcan
outperformBlockAckschemeswhenthenumberofreceiversishigh. Givenits
non-existentimplementationcomplexity,webelievethatstilitcannotbediscarded
asavaluableschemetotransmitmulticasttra c,althoughitsuseislimitedtovery
specicconditions:largenumberofreceivers,somewithweakradiolinksasthey
requirealowMCS,andlowtracactivityinthe WLAN.
·TheGCRunsolicitedretrymechanismo ersarelativelylargevarietyinitsper-
formance,whichobviouslydependsonthenumberofretriesconguredbutnotin
thenumberofreceivers.Thelatterisamajoradvantageofthescheme,incontrast
toclosed-loopmechanisms,andwehaveseenthatevenformoderateframeloss
probabilitiesitsperformancecanbeasgoodastheoneobtainedwithBA(for5
receivers)orsignicantlybetter(for20receivers). Althoughthemechanismdoes
notintroducesignicantoverheadintermsofimplementation,itsmainweakness
isthatitrequiresapropertuningofthenumberofretries,asotherwisetheabove
goodfeaturesaredi culttoachieve.
·TheDirectedMulticastServicemechanismposesseverescalabilityissues,asitsover-
headisatleastthenumberofreceivers,andgreatlyincreaseswithframelossesdue
toretransmissions,causingframedropsattheoutputqueue.Itsimplementation
complexityis,ontheotherhand,moderate,theunicastmechanismisalreadyavail-
ablewithexistinginterfacesandtheonlymodicationisbasicalytoreplicateeach
frametowardseachintendeddestination. Basedonthis,theDMSisonlysuited
8Weremarkherethat paccountsforbothradioconditionsandcolisionfromothertra csources.
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Table4.2:Overviewoftheschemesavailablewith802.11aa
Scheme Complexity Reliability Overhead Costperservice Scalability Targetscenario
Legacy Low Low Medium Medium High Legacystations,good WLANconditions
URR Medium Mediuma Lowa Low High Largenumberofreceivers,relativelygood WLANconditions
DMS Medium High High High Low Good WLANconditions,smalnumberofreceivers
BA-IM High High Mediumb Low Medium Moderatenumberofreceivers,average WLANconditions
BA-DM High High Mediumb Medium Medium SameasBA-I,interfaceswithlimitedcapabilities
forscenarioswithverysmalnumberofreceiversandhighconstraintsintermsof
reliability.
·TheGCRBlockAckmechanismsachievethehighreliabilityofDMSwithoutits
enormousoverhead,attheexpenseofahighimplementationcomplexity(bothat
theAPandthestations).Indeed,theAPhastokeepacopyofalframesaslong
astheyarenotacknowledged,andthestationshavetocomputetheCRCforeach
frameandsendthefeedbackintheBlockACK,whichrequiresnotonlyanew
controlexchangebutalsorelativelyhighcomputationcapabilities{ifthesearenot
available,thedelayedversionlessensthisrequirement.Thiscomplexitysupportsa
goodperformanceintermsofcostperservice,althoughwhenthenumberofreceivers
islarge,itcanbeoutperformedbysimplermechanisms(properlycongured).
ThemainhighlightsoftheabovediscussionarepresentedinTable4.2,inwhichwe
compareforeveryscheme,itsmainfeaturesintermsofcomplexity,reliability,overhead
andcostperservice,andalsoweprovidethetargetscenario.Inthisway,oneofthemain
conclusionsofourworkisthatthereisnoclearwinneramongthemechanismsavailable
with802.11aa,aseachofthemo ersadierenttrade-o intermsofperformanceand
complexity,andthereforetheirusedependsonthetargetscenarioanditsparameters.
4.4 Summary
Inthischapter,wehaveperformedanevaluationoftheGATSmechanismsavailable
withIEEE802.11aaintermsofreliability,overheadandcostperservice,andcompared
themtooneanotherandagainstthelegacymulticastservice. Wehaveconrmedthatthe
newmechanismssignicantlyenrichtheavailablechoicestodelivervideoover WLANs,
astheyprovidedierenttrade-osintermsofcomplexity,eciencyandreliability. We
haveidentiedthemainlimitingfactorsofeachmechanism,whichpavesthewayforthe
derivationofguidelinestooptimalyconguretheparametersofeachmechanismsandto
selectthebestsuitedforagivenscenario.
Chapter5
ImplementationandExperimental
Evaluationof802.11aaGATS
Mechanisms
InthischapterweimplementtheGATSmechanismsproposedinthe802.11aastan-
dard,namelyDMS,UR,BA. Weprovidethe rstavailableimplementationusingopen-
sourcermwareOpenFWWF,describingthemodicationsrequired.Finalyweevaluatethe
performanceofthesenewmechanismsunderdierentscenariosanddiscusstheresults.
5.1 ImplementingGATS
AmajoradvantageofGATSisthatitdoesnotsubstantialyalterthefunctionality
oftheexisting MAC,i.e.,itusesstandardfeaturesandtimingsofthelegacy MAC.
Thisensuresbackwardscompatibilitywithlegacystationsandenablesdeploymentofthe
newmechanismsonstandardCOTShardware.Indeed,inthissectionwereporthow
thenewmechanismscanbeimplementedoverthisexistingCOTShardware,usingthe
existingopen-source rmwareOpenFWWFthathasbeenusedinthepasttoimplement
otherextensionsfor802.11[54,11,12].
5.1.1 Platformused
WehaveimplementedGATSonthesamedevicesusedinChapter3,Alix2d2boxesby
PCEngines,whichembedaGeodeLX800AMD500MHzCPU,256MBDDRDRAM,2
mini-PCIslotsandaCompactFlashsocket.ThesoftwareplatformisUbuntu10.04Linux
(kernel2.6.36)andaswirelesschipsetsBroadcomBCM94318MPG802.11b/g,whichsup-
portstheopen-sourcedriverb43andtheOpenFWWF rmware.
Theimplementationconsists,basicaly,on modifyingthreedi erent modules:the
OpenFWWF rmware,whichisrequiredfortime-criticaloperations(suchas,retransmis-
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provideaquantitativeevaluationoftheircomplexity.
Directed MulticastService Thismechanismbuildsontopofthelegacyservice
andthereforeitsimplementationresultssimple.Atthetransmiterside,acopyofevery
framefromtheapplicationlayerisgeneratedforeachintendeddestination,changingthe
correspondingMACaddress. Giventhatthesearenottimelyoperations,theprocessis
performedatthedriver,andthenthecopiesarepassedtothetransmissionside. Wekeep
alistoftheassociatedstationsbyhackingtheb43wlstructatthedriverlevel.Atthe
receiverside,theunicastschemeguaranteesthateachframeisreceivedonlyonce,sono
modi cationsarerequired.
Unsolicited Retries ThismechanismrequirestotransmitthesameframeR+1
times,withbacko butwithoutACKs.Likebefore,thesearenottimelyoperationsand
thereforethemainchangesareperformedatthedriverlevel. Atthetransmiterside,
ACKwaitingisdisabledatthedriverbymodifyingtheb43generatetxhdr()function,
similarlytomulticastframes. Thedriverplacethecorresponding802.11aagroupcast
frameinaspecicqueue,whichismanagedbytheselectringbypriority()and
selectringbypriority80211aa()functions.TheRretransmissionsareprogrammed
atthe rmware,whosevalueisspeciedintheNUMRESENDFRAMEregisterandbeinga
congurableparameterthatwesetupinrealtime(asdetailedinSection5.2).
Atthereceiversidethemodicationsarethree:(i),atthe rmwareforframessent
totheconguredgroupcastaddress(whichisnota multicastaddress)passthemto
upperlayers;(ii),replacethisaddresswiththestations'onebeforepassingtheframeto
theuppermodules,whichisdoneatthedriver;(iii),handlepotentialduplicatesatthe
mac80211level(ieee80211rxhcheck()).
Finaly,fordebuggingandmonitoringpurposes,weextendtheb43wldevstructure
withtransmissionandreceptionstatistics(e.g.,totalnumberof802.11aaframestrans-
mittedandreceived)toaccountfor802.11aatra c.
BlockAcknowledgmentWiththismechanism,thesendercantransmitupto\GCR
buersize"consecutiveframesinaburst(wedenotethisnumberbyM),whichcanbe
eithernewframesorretransmissions.Asthestandarddoesnotspecifyapolicytoschedule
thesetransmissions,weimplementthefolowingone. Wewaitforthequeueto l with
M newframes,anddonotadmitnewframesuntilaltheseframesareacknowledgedby
alreceivers.Inthisway,ifoutoftheM frames,Narepositivelyacknowledged,thenext
transmissionburstwilconsistonM !Nframes.1
Theaboverequiresatthetransmiterthefolowingchanges.First,thedrivercolects
M framesbeforecopyingtheentirebursttoalthehardwarequeues,sothatthermware
1Thispolicyisatrade-o betweenalwayswaitingfortheoutputqueuetobe ledwithM frames,
whichwouldmaximizee ciencybutcouldintroduceoverlylargedelays,andimmediatelysendingframes
astheyareavailable,whichwouldminimizedelaybutatthecostoflargeine ciency. Wenotethat,in
ordertopreventapotential\HOLblocking"causedbyreceiverswithpoorlinkqualitiesthatrequiretoo
manyretransmissions,theAPshouldnotuseoverlylargevaluesforthe\MSDUlifetime"parameter.
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Table5.1:Implementationcostofeachmechanism
Scheme Node NewlinesofcodeKernel Firmware Subtotal Total
DMS TX 149 0 149 149RX 0 0 0
UR TX 50 16 66 104RX 21 17 38
BA TX 577 618 1195 1632RX 132 341 473
maydrawthesameburstmultipletimesforhandlingretransmission. Thereducedsize
ofthesharedmemoryofthedevice,only4KBlarge,makesnopossibletostorealthe
framesinit.Forthatpurpose,weusethefourremainingFIFOqueuesprovidedbythe
driver,andcorrespondingtotheQoSandEDCAsupport,inordertostoretheframes
toretransmit. Whenaframearrivestothedriverisdirectlyreplicatedtothedierent
queues,guaranteeingthatthesynchronizationismaintainedamongthedierentqueues.
Thisisdonebymodifyingtheb43optx()functionofthedriver. Westorethelistof
thegroupcastassociatedstationsbytweakingtheb43wlstructatthedriverlevel.The
rmware(re)transmitsalframesoftheburstthathavetobe(re)transmittedbyspacing
themofaSIFS,thenitpolsreceiverswithBlockAckrequestsinround-robin(inthe
orderstationsjoinedthegroupcast).TheBlockAckrequestframeisstoredintotheSHM
andcontainsthesequencenumberofthe rstframeintheburst.Ifthereceiverdoes
notsendthecorrespondingreply,afteratimeoutexpirationtheAPwilretransmitthe
BlockAckrequestuptoseventimes.Uponthereceptionofalreplies,theAPupdates
itstransmissionstatusandcheckifanyretransmissionisrequiredbasedonthebit-wise
operationwiththebitmapscolectedfromthegroupcastmembers(\ReTXmap")and
savedintotheSHMBITMAP80211RETRBUFFf*gregisters. Thegroupcastframestobe
retransmittedaremarkedwithabitsetto1intheReTXmap,whiletheothersaresimply
discarded. Whenalthegroupcastframesofaburstarecorrectlyreceived,oruntiltheir
lifetimeexpires,thermwarewil ushtheframesoftheburstintheremainingqueues.
Ifatransmissionphaseisneeded,onlysuchframesaresent.
Atthereceiverside,thermwareupdatesthereceptionbitmap(i.e.,correctlyreceived
framesintheburst)afterreceivingeachframe,whichleveragesonthecomputation
ofCRCsandthesequencenumber. Eachstationstoresthesequencenumberofthe
rstpacketintheburstandabitmaptokeeptrackofthecorrectlyreceivedgroupcast
frames,beingthebitk-thsetto1iftheframeiscorrect,orsetto0otherwise. The
correspondingregistersthatcontainthepreviousinformationare:RXFRAMEADDR32and
SHMBITMAP80211AARXf*g.ThisbitmapissentintheBlockAckReply,savedinthe
SHM,duringthepoling.LikeintheURcase:groupcastframesreceivedatthermware
arepassedtotheupperlayer,duplicatedframes(i.e.,notreceivedbyotherstations)are
handledbythemac80211module,andthedriversubstitutesthegroupcastaddressby
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thestations'.
Finaly,fordebuggingandmonitoringpurposes,inthedriverweextendtheb43wldev
structurethatcontainsvarioustransmissionandreceptionstatistics(e.g.,totalnumber
of802.11aaframestransmittedandreceived,lengthofbursts,transmissionattempts)to
includethoserelatedtotheoperationof802.11aa.
5.1.4 Implementationsummary
WebuildeachmechanismonthestandardkernelMACanddrivermodules,introduc-
ingnochangestotheupperlayers.Theresultingimplementationisfulycompatibleand
compliantwiththecurrentLinuxnetworkingstack.2
Table5.1hintsthe\implementationcost"ofeachmechanismbyreportingthenum-
beroflinesofadditionalcoderequiredforimplementingit. Althoughsimplycounting
linesofcodedoesnottakeintoaccountotherfactorslikethetimeneededtodesignand
debugaprototype,stil webelievethatthetablegivesafairquantitativeevaluationof
thecomplexityofeachmechanism,asDMSandURresultsimilarintermsofcomplexity
(althoughDMSrequireschangingonlythetransmitter)whileBAis(atleast)oneorderof
magnitudemorecomplex.Aswewilseeinthenextsectionthroughreal-lifeexperimen-
tation,thisincreasedcomplexitytranslatesintohigherreliability.However,thisposesa
trade-o asasimplerschemecanfulltherequirementsdependingonthescenario.
5.2 Experimentalresults
5.2.1 Testbeddescriptionandset-up
Wedeployatestbed,asilustratedinFigure5.2of30Alix2d2devicesactingaswire-
lessstationsandonedesktopmachineactingasAP.TheAPusesa7dBiomnidirectional
antennaandthestationsareequippedwith2dBiomnidirectionalantennae. Alnodes
useatransmissionpowerof10dBmandthe802.11gPHYlayer. Weset-upastandard
desktopmachineasthesourceofvideotra cwhenneeded(notshowninthepicture).
Unlessotherwisenoted,werunalexperimentsinchannel14.
Alnodesareequippedwithawiredinterface,whichisusedtoset-upandcontrol
theexperiments.Dependingontheexperiment,asetofNvstationswilactasmulticast
receiversandasetofNdwilactasdatastations.Foreachtestscenario,theAPandthe
Nvstationsloadthroughthewiredinterfaceourmodiedversionofthe802.11stack,and
usethecongurationofthebacko parametersrecommendedbytheEDCAstandard
forvideo. Forsimplicity,westaticalycongureonthesevideostationsthegroupcast
addresstouse(namely,BE:EF:BE:EF:BE:EF),aswelasothercontrolparameterssuch
2Wereferthereaderinterestedonthedetaileddescriptionoftheimplementationtothetechnical
report[66].
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MCSofdata,groupcastandBArequestandreplyframesto54Mb/s,whichrepresents
themoststressingconditionsforourimplementationintermsofframeprocessingrates,3
whileforthelegacyschemeissetto24 Mb/s. Thisisalsothe MCSusedforcontrol
trac.
5.2.2 Synthetictra c
We rstrunsomeexperimentswiththemgentracgenerationtool,toassessthe
performanceoftheGATSmechanismswithdierentinputloads. Morespecicaly,we
conguretheAPforsendingConstantBitRate(CBR)tra cof xedratertowards
Nv=10receivers,andNd=10datastationsconstantlybackloggedforsendingUDP
tractowardstheAP.Datapayloadofalframesis xedtoL=1400B.
Foreachscenarioweareinterestedintwoperformance gures,relatedtotheeec-
tivenessande ciencyoftheconsideredGATSmechanism,whichare,respectively:
·Videodeliveryrate(VDR),whichistheaveragethroughputreceivedbystations
overthethroughputgeneratedbythesender.This gurequantiesthereliability
ofagivenGATSscheme.
·Aggregateddatathroughput(ADT),whichisthesumofthethroughputsobtained
bydatastations,andservesasanindicationoftheamountofwirelessresourcesleft
fordatatrac(thehighertheADT,themoreecientthemulticastmechanism).
Werun5experimentsof30seachfordi erentvaluesofr,andprovidetheaverage
valuesoftheVDRandADTinFigures5.3and5.4.ForthecaseofVDR(Figure5.3),
resultsconrmthatBAguaranteesreliabilityforalmostalrvalues(thehighertherthe
highertheM requiredtoproperlyprioritizevideooverdata),whileDMSsuersfrom
itspoorscalabilityproperties,failingtodelivereven50%ofthetracforr=3Mb/s.
Betweenthesetwoextremecases,weseeavarietyofbehaviorvs.r:thelegacyservice
outperformsURwithR=0duetotheuseofamorerobust(andlower)MCS,butcannot
deliverratesabove18Mb/sbecauseofthesamereason.Similarly,conguringURwith
twotransmissions(R=1)guaranteesdeliveryforrbelow12 Mb/s,butstartingfrom
thisvaluesuersfromframedropsatthetransmissionqueue(forthecaseofR=0,these
dropsstartat24 Mb/s).Itisworthnotingthat,forthesecases,R=1isenoughto
guaranteeagooddeliveryrate,andsettingoverlylargevaluesofR(e.g.,R=4)notonly
providesnogood,butevenworsensperformanceduetotheframedrops.
WeanalyzetheADTresults,showninFigure5.4.Asexpected,usingURwith R=0
resultsthemostecientscheme(onetransmissionperframeatahigh MCS),leaving
alotofwirelessresourcestodatastations.Incontrast,withthelegacyservicethereis
onlyonetransmissionperframe,butdatathroughputisdegradedduetotheperformance
3Additionalexperimentscon rmthattheperformancewith24Mb/sMCSisqualitativelysimilar.
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emptyaltheretransmissionqueuesandprepareforthenexttransmissionburst,while
incasesomeoftheBAREPreportedunsuccessfulreception,theAPhastoperiodicaly
switchbetweenretransmissionandushing.
Wealsotweakedthe rmwaretomeasurethetimetfwhenthe rstushoperationis
made(rightafterthearrivalofthelastBAREP),andthetimetbwhenthe rstframeof
thenextburstisavailable.ThesetimesaremeasuredinsidetheNIC,thusavoidingthe
latencythatappearswhenmeasuringinsidethekernelduetothecommunicationbus.
Weperformtheexperimentforthreedi erentburstsizes,M =f8;16;32g,andpacket
lengthsrangingfrom100Bto1400Binstepsof100B.Foreachofthesecongurations,
weperform ve30sexperiments,colectingapproximately37500timedelays(i.e.,tb!tf).
Then,inordertotakeintoaccountthetimerequiredby ushingandfetchingoperations,
wecomputeRiaddingthemedianofthetimedelays4tothedenominatorof(5.1). We
reportedtheobtainedvaluesinFigure5.8as\Experimental",whilethevalueswithout
thisextratimearelabeledas\Theoretical".
Accordingtotheresults,itisevidentthatthe ushingandfetchingofnewdata
leadstosubstantialperformanceimpairments,whichbecomemoredrasticwithlarger
valuesofM orL.Also,wenotethatthevaluesforL=1400Bcorrespondtotheones
reportedinTable4.1,whichvalidatestosomeextentourimplementationofGCRBA,
astheperformancedrop(forthisvalueofL)canbeattributedexclusivelytotheDMA
operations,thusexcludinganyimplementationissue.
Wenextanalyzedinmoredetailtheimpactof M andLonthetimetoperform
the ushandfetchoperations. Tothisaim,wewroteanad-hoc rmwarethatbasi-
calyswitchesbetweentwostates:awaitingstate,inwhichitdoesnothingwhilethe
applicationinuser-space lstheDMAqueue,andaushingstate,inwhichitrecordsa
timestamp, ushesthe rstM packetsfromthequeue,andrecordsanothertimestamp,
sothedierencebetweentimestampscorrespondstothe\ushingtime". Weplotthe
resultingushingtimesforrepresentativevaluesofM andLinFigure5.9.
The gureilustratesthat ushingtimesdonotdependonthepacketlengthuntila
certainthresholdvalueLth,andthengrowlinearlywithL. Thisthresholddependson
theburstsize:thehighertheM,thelowertheLth.Takingintoaccountthateachpacket
piggybacksa rmwareheaderof110B,foralM caseswithM (Lth+110) 3072B,
wehavethatthe ushingtimesareconstant(andverysimilar)forthosecongurations
inwhichthepacketburststsintheinternalmemoryoftheNIC.Actualy,according
toourmeasurementswhenL<Lththe ushingtimeamountstoacoupleofusper
packet,whichisapproximatelythetimerequiredtoexecutethedroploopcode. When
L>Lth,newpacketsmustbefetchedfromthemainsystemmemory,thusresultingin
alineargrowthofthe ushingtimewiththequantityoftransferreddata. Giventhat
4Weusethe medianofthecolectedsamplesasthisremoves\spurious"valuesduetoclockwrap
arounds.
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Mechanisms
Table5.3:Assessmentofthemulticastschemes
Scheme Complexity Eectiveness E ciency
Legacy None Medium LowUR Medium Medium-High MediumDMS Medium None MediumBA High High High
BA),leadingtoverydierentperformanceintermsofthroughputandvideodelivery.
Chapter6
ConclusionsandFuture Work
Voiceandvideotra crepresentanimportantpartoftotalInternettracand802.11
isthemostwidelyusedwirelesstechnologytogainInternetaccess.Severaltechniques
havebeenappliedtoimprovetheperformanceofthesekindsoftra c. Whilenewamend-
mentshaveprioritizedthevoiceandvideotra c,inthecaseofvoicetheystildonot
solveitshugeoverhead,intermsofcontrolbytesandbacko procedure. Thisthesis
lsthisgapbyproposinganovelMACmechanism,VoIPiggy,whichextendsthecontrol
framessentfromthestationstotheAPwithuserdata.VoIPiggyadaptstothenetwork
conditionsandistransparenttotheapplicationlayer. Thismechanismprovidesafair
accesstothemediumtoalthevoiceclientsandfreesresourcesforthedatastations.
Weprovideananalyticalmodeltopredictitsperformance,intermsofcapacityregion
anddelay. Notethatweperformourimplementationovercommodityhardware,unlike
previousproposalsrelyingonnon-standardorcomplexfunctionality.Inaddition,exper-
imental-withupto30nodes-andanalyticalresultsevidencethatoursolutiondoubles
thevoicecapacityina WLANscenario.Afuturelineofworkistheimplementationofa
Cal AdmissionControl(CAC),leveragingtheadaptabilityofVoIPiggyandtheavailable
resourcesinthe WLANfreedbyamoreecientvoicetransmission.Additionaly,wend
interestingtointegrateVoIPiggywithinstandardmechanisms,forinstancethereverse
directionmechanismof802.11n.
Forthecaseofvideomulticaststreaming, WLANslackafeedbackmechanismand
transmitatalowerMCS,causingtheperformanceanomalyproblem.802.11aahasbeen
proposedtoimprovethedeliveryofmulticastvideostreams.However,thenoveltyofthe
standardandthedicultyinhardwarechangeshavedismisseditsimplementation.Fur-
thermore,thestandardleavesopenthecongurationoftheparametersofitsmechanisms.
Weperformathoroughperformanceevaluationofthedi erentmechanismsof802.11aa
layingthefoundationsforchoosingtheappropriatemechanismaccordingtothenetwork
conditions.SimulationresultsprovedtheeectivebehaviorofGATSmechanismsinan
extensivesetofscenarios.Furthermore,wedeveloptherstimplementationoftheGATS
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mechanismsandreleaseopensourcetotheresearchcommunity. Ourexperimentation
hasconsideredalargevarietyofscenarios,andopensanumberofresearchquestionsthat
needtobetackledinthefuture.Inconclusion,noschemeisdeclaredthebest,since
theperformancedeeplyvariesdependingonthesizeofthemulticastgroupaswelason
thedierentGATSparameters:exceptforthelegacyservice,theyalcanbeoptimal
inagivenscenario.Inthisway,onerstresearchchalengetotackleistheiroptimal
conguration,givensomeperformancecriterion. Anotherproblemisthedesignofthe
bestpolicytoprogramtheBlockAck(e.g.,whentoholdframes,howtoschedulethe
polingofstations,thesettingofthe MSDUlifetimeparameter). Wethinkthatour
contribution,aswereleasethe rstopensourceimplementationof802.11aa,wilhavea
signicantimpactintheadoptionoffuturestandards,suchas802.11ax,whichbuildson
topof802.11aa.
Giventhatthe802.11aastandardleavesalotofroomforimplementationdependent
optimizations(fortheseandotherquestions),andbasedonourpreviousexperiences,we
foreseethat802.11aahardwarewilhaveeitherhard-codedmechanismswhosefunction-
alitycannotbealtered,orsomeextensionsbutpoorlydocumented(atmost).Bymaking
ourimplementationpubliclyavailable,wehopetofosterresearchersandpractitionersto
prototypeandassesstheiroptimizationsintheaboveorotherareas.Thus,asafuture
directionofthislineofwork,westudythepossibilityofexperimentalyperformamore
throughvalidationconsideringawidervarietyofvideoqualitiesandalsodierenttype
ofdatatra c.
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AppendixA
LimitationsofFlexibilityin
Current802.11Architecturesand
NewDirections
InChapter5wehavedemonstratedthelackofexibilityinthewaythatNICmodulesinteract
resultinginabottleneckthatseverelydegradesperformance.Here,weprovidenewdirectionsfor
therevisionofthecurrenthardwarearchitectureandproposeanewvisionforthefuturedesign
ofwirelesschipsets.
A.1 Hardwaresupportandlimitations
Theseminalworkof[67]wasamongthe rsttounderlinehowcommercialNICscouldbe
turnedintoexibleresearchplatforms,byreplacingthestockrmwarewithadierentoneoering
customtransmission/receptionpaths. However,evenifthisworkrevealedthe exibilityofthe
PRISM11bchipsetattheMAClayerwithitsMACCPU,itdidnotdisclosehowtomodifythe
rmware,whichremainedclosed-source.Sincethen,andwiththeendofthePRISMproject,1
manyworksselectedAtheros-basedNICsasthenextresearchplatformofchoice,thankstothe
activecolaborationofthemanufacturer,excelentopen-sourcedrivers(e.g.: Mad-Wi)andalot
ofdocumentation. Apartfromworkstargetingspecicfeatures,[68]and[69]providedsoftware
frameworksfortheeasycustomizationofsomefunctionalitiesoftheAtherosAR5212chipset,such
asdisablingpacketacknowledgment,fastchannelswitchingandmodifyingthenumberofretries
forfailedframes.
Noneoftheabovesupportedad-hocframeexchangeswiththerequiredtiming,e.g.,receivinga
frameandforgingthecorrespondingreplywithinafewmicroseconds.Becauseofthis,anumberof
projectsdesigned802.11-compliantimplementationsfromscratch,manyofthembuildingaround
anFPGA:e.g.,SMiLE[70],usedtotestnovellocalizationschemes;orSora[71]and WARP[72],
theformerbeingaverypowerfulSoftwareDenedRadio(SDR)devicethatconnectstothe
computerthathandlesframe-symboltransformationthroughamini-PCIinterface,andthelatter
1ThemaintenanceofthePRISMprojectendedupin2007.
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queueintheNICinternalmemory. WhentheBCofaqueuereacheszero,theMACCPUsched-
ulesthetransmissionoftheHead-of-Lineframeandwhentheframeisacknowledgedorexceeds
themaximumretransmissionattempts,the MACCPUreportsaframedonetothekernelvia
aninterruptionrequest(IRQ).Then,thecorrespondingDMAmicro-controler(DMA C)starts
fetchingthenextframe,andthekernelreclaimstheDMAslotintheringforthenewframesthat
mayarrivefromupperlayers.
TwoarethemainbenetsofthisDMA-basedapproach:(i)therearealwaysframesavailable
totheNIC,unlikethePIOcase;and(ii)themainhostCPUisrelievedwhiletheNICtransmits
frames.BoththehostCPUandtheNICCPUfocusontheirveryspecictasksandframescan
betransmittedatthemaximumthroughputalowedbythestandardtimings.
Innuce,thisschemeemulatesasimpleFIFOqueueforpushingframestotheNIC,and
thereforeitresultsadequateaslongasthereisastrictorderinhandlingtheframes:whenthe
Head-of-Line(HOL)frameisservedtheNICmayaccessanewone.3However,forthecaseofBlock
Acknowledgmenttheoperationisslightlydi erent:notaltheframesinaburstoranA-MPDU
needtoberetransmitted,astheymightexperiencedierentchannelconditions. Unfortunately,
oncetheburstishandled,noneoftheframesareavailableattheNICforretransmission,thereby
thiscalsforthecolaborationofthehostkernel.AfterprocessingtheBAREP,thekernelre-sends
totheNICtherequestedframes,possiblyinterleavedwithnewones.4However,for802.11aathis
wilslowdownthevideostreamingrateor mixoldframes,likelytohaveexpired,withnew
ones. Wedescribeinthefolowinghowweovercomethisissueinour802.11aaimplementation,
underlininghowthisversionofBA(incontrasttothe802.11n)ishardtodeploywiththecurrent
DMA-basedoperation.
A.3 EvolvedArchitecturefor802.11platforms
BasedonourexperiencereportedinSection5.2.3.1,wearguethatapartfromimproving
themechanismsfortransferringdatabetweentheNICandthehostsystem,thedevelopment
offuturewirelessNICsshouldbe(evenmore)inspiredbycurrentcomputerarchitectures.In
thisapproach,softwaredeveloperswritebothuserprogramsandtheOS,whichinterfacesto
thehardwarethroughasetofspecicdriversreleasedbymanufacturers. ThismapsintoNIC
internalstoanarchitecturewhereMACalgorithmsaredevelopedbyprotocolimplementersusing
APIscreatedbymanufacturersforaccessingtheNIChardware. Wenextdescribeindetailour
technicalvisionanditsadvantages.
A.3.1 Technicaldescription
WepresentinFigureA.2theevolvedNICarchitecture,therebywebuildonFigureA.1,and
focusagainonthetransmissionpath.First,weintroduceaRealTimeOSexecutedbytheNIC
CPUthatisolatestheMACthreadsfromthemechanismsthatexchangedatawiththehost,and
fromthelowleveltransmissionprimitivesimplementedbyproprietaryPHYdrivers.
Attheradio,westildiscardtheSDRapproachevenifultimatechoicefortargetingPHY
3Forthecaseofthe multiplequeuessupportedinEDCA,itcanbeextendedwith multipleDMA
controlers,eachprogrammedtopresentdierentmemoryblockstotheNIC.
4Notethatthisoperationholdsforcurrent802.11nchipsets,e.g.,Broadcom43224and43225ones.
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left).AsecondsolutionistoenablecompletememorysharingbetweenhostandMACCPU,as
ininexpensivevideochipsets,bymeansofadatastructure(doublelinkedlist). Therstlist,
populatedbythehostwithnewframes,isdrainedbytheMACCPUthatmovesreleasedframes
intothesecondlist,andthehostCPUwilrecycletheseframes(FigureA.2right).Thisoption
requiressimplermechanismsatbothhostandNICCPUsforatomicreadandassignment,which
arealreadypresentoninexpensiveARMarchitectures.Thesetwosolutionspermitmanufacturers
tokeeplowNICmemoryandcosts. Athirdsolution,notreportedinthe gureforsimplicity,
consistsofincreasingtheinternalmemory,sothattheDMAsystemisonlyusedforcopying
framesforlaterinternalusebytheNIC.
A.3.2 Advantages
Similarlytowhathappenedinthecomputerworld,abandoningthemonolithicapproachin
favorofourmorestructuredproposal,whichintegratestheoperationofcomponentsprovided
bydierentplayers,wouldleadtoanumberofadvantages.First,hardwaremanufacturerscan
focusonwhatrealydierentiatesNICs,i.e.:theenhancementofkeyradiocomponents,suchas,
thefront-endtorecovertheclockanddecodesignalsinnoisyenvironments;thedesignofenergy-
ecienttechniques,andtheintroductionofnewmechanismsforde/encodingspatialymultiplexed
signalstreams.Second,protocolimplementersshalnothavetodealwithhardwarespecicdetails,
hiddenbyprimitivesfortransmittingandreceivingframes,schedulingtimersorconguringPHY
specicparameters.Instead,theycouldfocusontheactualprotocolimplementation,thatwould
benetfromcontinuoussoftwareupgradeslinedupwiththelatestversionofastandard.Third,
developersoftheRealtimeOSspecializeinimprovingalgorithmsforthealocationoftheNIC
internalresourcestoeitherMACprogramsordriverthreads;oronenhancingdatacommunication
mechanismswiththehostbytuningthemanagementofthesharedmemory.Fourth,developers
oftheHostOSdonothavetoimplementdierentdrivers,astheywouldsolelyinterfacewith
agenericdevice,leadingtoeasierportingoftheNICitselfto manyOS.Finaly,consumers
wilbenetfromabetternetworkexperience,withresource-ecientdevicesthatareconstantly
updatedwithnewOSandprotocolreleases.
A.4 Summary
InthisAppendix,wehaveilustratedthatexisting802.11interfacesarebasedongeneric
hardwarearchitectures,whichare exibleenoughtoimplementnewmechanismsintroducedby
recentstandards,butpresentcertainbottlenecksthatprecludeanecientoperation.Buildingon
ourexperiencesfromimplementingthe802.11aaGATSmechanisms,wehaveproposedanevolved
hardwarearchitecturefortheseinterfaces,inspiredbytheevolutionofcomputerarchitectures,
whichwouldsupporttimelyupdatesoftheplatformswhileprovidingtheadequatemotivations
foralinvolvedplayers.
